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Abstract

Introduction of antimicrobial peptide (AMP) genes into fish genome by the transgenic technology provided a promising solution to control fish disease. Cecropin P1, a known porcine originated AMP, had been introduced into the rainbow trout genome for production of transgenic fish
by Chiou et al. (2014) in Chen’s laboratory. Repeated, in vivo, challenge studies demonstrated
that these transgenic fish exhibited resistant characteristic to infection by microbial pathogens.
Here, we hypothesized that cecropin P1 transgene product may not only directly eliminate microbial pathogens, but also indirectly exert immunomodulatory activity in the transgenic hosts
to elevate their disease resistance. To address this hypothesis, I have employed the technologies of mRNA deep sequencing (mRNA-Seq) and reverse transcription quantitative real-time
PCR (RT-qPCR) array. In a preliminary cDNA microarray analysis, Lo et al. (2014) reported
functional perturbations of the immune relevant pathways in three immune competent tissues
(namely, the spleen, kidney and liver) of the cecropin P1 transgenic rainbow trout. To overcome
the technical limitations of the cDNA microarray, the differentially expressed genes (DEGs) of
immune relevant pathways in the spleen, kidney and liver of two families of transgenic rainbow
trout was analyzed by de novo mRNA-Seq. By sorting of Reads Per Kilobase of transcript per
million mapped reads, the DEGs were determined. From the GeneCodis enrichment analysis,
functional alterations of biological processes with identifiers of Gene Ontology: Biological Process and Kyoto Encyclopedia of Genes and Genomes databases were observed. Via pathway
analyses, immune relevant processes in the spleen and kidney, and energy metabolism relevant
processes in the liver were significantly perturbed. By employing a custom-layout RT-qPCR
array with pre-defined immune relevant DEGs, the expression patterns in three remaining transgenic families were profiled. The results of mRNA-Seq and RT-qPCR array analyses supported
the hypothesis that the combined effects of transgenic cecropin P1 elevate the host disease resistance. Furthermore, the RT-qPCR array with pre-defined DEGs as bio-markers promises a
fast, effective and inexpensive technique for screening of disease resistant fish strains for aquaculture.
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Chapter 1

General Introduction and Background

1.1

Overview of Anti-microbial Peptides
Anti-microbial peptides (AMPs) comprise an essential portion of the innate and non-

species/non-specific immune response of all living organisms including human, lower mammals, fish and insects [1–7]. AMPs were known to be able to suppress infections resulted from
a board spectrum of pathogens including viruses, bacteria, yeasts and fungi [1]. AMPs could
be categorized into two major classes: 1) disulfide-bonding bridged and 2) without disulfide
bridge [3]. Based on their structural features, AMPs are grouped into five groups: 1) α-helical,
2) β-sheet forming, 3) cysteine enriched, 4) regular amino acids enriched, and 5) rare and
modified amino acids constituted [3]. Most of the identified AMPs belong to the α-helical
and β-sheet groups, and functions of these two groups have been well studied. Examples of
α-helical AMPs include: cecropin A and B discovered from cecropia moth (Hyalophora cecropia) and magainins isolated from the skin of African claw frog (Xenopus laevis), which
1
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exhibited amphipathic α-helical structure in 15-20% hexafluoroisopropyl alcohol and 25% trifluoroethyl alcohol respectively [8–10]. Moreover, several AMPs are known to be able to form
a β-hairpin structure such as tachyplesins and polyphemusin II, which were identified from
horseshoe crabs, Tachypleus tridentatus and Limulus polyphemus, and share a β-hairpin motif
stabilized by two disulfide bonds [3, 11]. Furthermore, examples of cysteine enriched AMPs
involving α-defensin (human) and drosomycin (Drosophila melanogaster) are well characterized; while α-defensin contributes three disulfide bridges in between C1-C4, C2-C5 and C3-C6,
drosomycin contributes four disulfide linkages to form three antiparallel β-strands with an αhelix in between the first two strands [12, 13]. For regular amino acid enriched AMPs, features
are characterized as following: 1) human histatin is histidine enriched, 2) cathelicidins and
bactenicins are rich in proline residues, and 3) indolicidins and tritripticin are rich in tryptophan [14–17]. Finally, the best example of unusual AMP consisting of rare modified amino
acid is nisin Z, produced by the bacterium, Lactococcus lactis, consisted of rare amino acids
such as lanthionine, 3-methyllanthionine, dehydroalanine and dehydrobutyrine with irregular
molecular structure [18].
One of the important functions of AMPs is their direct elimination of bacteria via disruption of bacterial membrane [6, 7]. In addition to the direct elimination of microorganisms, AMPs exhibit immunomodulatory effects and contribute to opsonization [19–21]. In the
early studies, many AMPs were identified and isolated from insects including cecropia moth
(Hyalophora cecropia) [22], silk moth (Samia cynthia) [5] and Chinese tussar moth (Antheraea
pernyi) [23]. Because of the primitive and vulnerable nature of insects, these organisms highly
rely on innate immunity to protect themselves from infection by microorganisms so that they
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had become convenient research models for innate immunity studies. As a consequence, much
of the modern knowledge about functions of AMPs were built from studies on insects, and
current paradigm to the roles AMPs played in innate immune defenses were, then, constructed
[22–28]. Among all AMPs, cecropins, the best studied group of α-helical antimicrobial peptides, were first isolated from the hemolymph of Hyalophora cecropia and Antheraea pernyi
[22, 23], and soon became a popular model of studies on the innate immunity in various organisms. For example, improving resistance to bacterial infection in plants [29] and animal
[30], demonstrating anti-fungi activity [31, 32], and preventing Salmonellosis in mice [33],
etc. In order to increase the resistance to microbial infection in fish species, our laboratory
successfully introduced a cecropin B transgene into medaka via transgenic technology [30]
and, subsequently, they extended this method to rainbow trout to produce cecropin P1 transgenic fish [34]. Through repeated challenge studies against Aeromonas salmonicida, Infectious
Hematopoietic Necrosis Virus (IHNV) and Ceratomyxa shasta, the previous studies conducted
in our laboratory confirmed that these transgenic rainbow trout exhibited an increased resistance characteristic to infection by microbial pathogens [34]. To answer the question, whether
cecropin P1, in addition to its direct microbicidal activity, can elevate the immune response in
the transgenic hosts, Lo et al. [35] initiated studies to investigate the differential expression
profiles of immune relevant genes in the spleen, kidney and liver of two families of the transgenic rainbow trout by cDNA microarray analysis. In this dissertation, I have employed two
different transcriptomic approaches, namely mRNA deep sequencing (mRNA-Seq) and reverse
transcription quantitative PCR (RT-qPCR) array analysis, to complete the analysis of all families of the disease resistant transgenic rainbow trout. In the following sections, critical literature
reviews on the topics related to this dissertation will be provided.
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The Structures of Cecropins and Their Interaction with
the Plasma Membrane of Microbial Pathogens
As reviewed by multiple groups, cecropins are a family of short peptides of 31 to 39 amino

acid residues isolated from the hemolymph of diapausing pupae of cecropia moth, Hyalophora
cecropia, inoculated with bacterial debris by Bowman et al. [5, 22, 23]. Afterwards, cecropins
had also been studied in the insect order of Lepidoptera (moths and butterflies) and Diptera
(flies etc). Later, cecropin-like AMPs were discovered in many other organisms including other
insect orders, blood cells of a marine protochordate and nematodes in porcine small intestine
[6, 28, 36]. As reported by Boman et al. [6], the gene structures of cecropins and cecropin-like
peptides from moth and porcine were identified. They also reported that insect cecropin genes
are comprised of one intron, 58-2451 bp in size, and two exons. In H. cecropia, Drosophila and
Sarcophaga, one copy of the cecropin gene encodes one peptide copy of cecropin polypeptides
[37]. However, in honeybee, a single copy of apidaecin gene was found to generate up to 12
short peptides via processing of the single precursor protein [38]. In H. cecropia, cecropins
contain three major forms, i.e. cecopin A, B and D. By comparing the amino acid sequences
of these three forms, approximately 60-80% similarity is shown, whereas the identity between
drosophila cecropin A and porcine cecropin P1 is only 33% [6]. In contrast to the low similarity between insect and mammalian cecropins, the insect cecropins are almost identical. This
suggests that cecropin genes are highly conserved and originated by gene duplication in insects [6, 11, 28]. Several cecropins have been chemically synthesized or molecularly cloned
as precursors containing 62-64 amino acid residues with highly conserved signal peptide and
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prosequences. The prepropeptide is cleaved by a signal peptidase, and the prosequence is removed by a dipeptidyl aminopeptidase sequentially to yield a small (31-39 amino acid residues)
mature peptide [37, 39, 40].
Due to their unique structural natures, these small molecular weight peptides are known to
form α-helical and partially positive charged structures [1, 7, 41]. Cecropin P1, originally identified from the parasitic nematode, Ascaris suum, residing in the porcine small intestine, is one
of the best studied members among the cecropin family peptides [42, 43]. Since cecropin P1
was demonstrated to be more potent against Gram-negative bacteria than Gram-positive bacteria [7], it was, therefore, chosen as a target gene in our laboratory for production of disease
resistant transgenic fish. As shown in Figure 1.1, the mature sequence of cecropin P1 is 31
amino acids in length with an aminated C-terminus. Because of its abundancy of lysine and
arginine, cecropin P1 forms a cationic amphipathic α-helical structure. Because of the bilateral
electrostatic affinity, the cationic antimicrobial peptide molecules generate an initial interaction with the plasma membrane of pathogens [44]. For vertebrates, their plasma membrane
consists of more zwitterionic phospholipids, embedded by cholesterols and negative charges
accumulates on the inward side of the lipid bilayers. In contrast, higher concentration of anionic phospholipids forms the plasma membrane with enriched negative charges on both side of
the lipid bilayers in prokaryotes. These differences resulted in the specific binding of cationic
AMPs to the plasma membrane of prokaryotic cells, rather than eukaryotic cells, within the
host environment [44].
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Cecropin P1:
Ser-Trp-Leu-Ser-Leu-Thr-Ala-Lys-Lys-Leu-Glu-Asn-Ser-Ala-Lys-LysArg-Ile-Ser-Glu-Gly-Ile-Ala-Ile-Ala-Ile-Gln-Gly-Gly-Pro-Arg-NH3
F IGURE 1.1: Amino acid sequence of mature cecropin P1. Three letter abbreviations of each
amino acid were shown, and C-terminus was capped by amino group.
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According to Yount et al. [45], three possible models were proposed to account for the
formation of pores by AMPs on the plasma membrane of pathogens and lead to leakage of the
target membrane: 1) barrel-stave model, 2) torroid-pore model, and 3) carpet model. For the
barrel-stave model, several AMPs were recruited in a quaternary interaction within the target
membrane and generate a ring around an aqueous pore with the membrane-spanning areas of
the AMPs positioned as the staves or transmembrane called barrel as shown in Figure 1.2. In
addition, the carpet model described a similar action where no quaternary interaction between
multiple peptides. In other examples, those conditions exerted stable quaternary interactions
between antimicrobial peptides within their countered membrane were achieved. Finally, as
the consequence of the integration of cecropin molecules into the phospholipid bilayer of the
plasma membraneof pathogens, it resulted in generation of pores on the plasma membrane and
led to the leakage of cellular contents and the inevitable lysis of the pathogen cells [6, 7, 28].
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F IGURE 1.2: Barrel-stave model of cecropin integration. Cartoon illustrates the integration
of cecropin and formation of pores on pathogen cell membrane and resulted in cellular lysis
(modified from Boman et al. [28]).
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The Regulation of Cecropins
In the early studies, several expressional regulations of cecropin genes were conducted

on Drosophila melanogaster. For instance, Samakovlis et al. reported, in vitro, bacterial
lipopolysaccharide (LPS), algal laminarin (a type of β-1, 3-glucan) and bacterial flagellin
strongly induced expression of cecropin A gene in Drosophila mbn-2 cell (larval hemocytes
of the mutant lethal malignant blood neoplasma) [46]. Moreover, pattern-recognition receptors
(PRRs) bound to pathogen-associated molecular patterns (PAMPs), which resulted in promotion of gene expression of AMPs and the subsequent activation of NF-κB (nuclear factor kappalight-chain-enhancer of activated B cells) products via the degradation of the IκB homologue
Cactus, was discovered in fruit fly [47]. Furthermore, drosophila peptidoglycan recognition
protein LC (PGRP-LC) served as either extracellular or signaling receptors to initiate IκB kinase signaling mediated production of Relish (Rel) protein [48].
As reviewed by Royet et al. [49] and Ferrandon et al. [47], by triggering the Toll-like receptor signaling pathway, the expression of antimicrobial peptides was activated in response to
Gram-positive and fungal pathogenic infections, which lead to proteolytic cleavage of cytokine
Spaetzle by extracellular serine proteases. To activate Toll ligand Spaetzle, two PRRs, namely
Gram-negative binding protein (GNBP-1) and peptidoglycan recognition protein (PGRP-SA),
were required. Afterwards, the activation form of Toll-like receptor (TLR) was, then, bound to
adaptor protein Myd88, and resulted in a complex of receptor-adaptor-kinase Pelle [49]. Subsequently, the phosphorylation of Cactus was catalyzed by this complex, and caused the degradation of Cactus. As resultant, the dorsal-related immunity factor (Dif) and NF-κB were able to
enter the nucleus to initiate gene expression of drosomycin. In addition, the degraded Cactus,
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which served as a regulator of the expression of apoptosis relevant genes, was also reported
[49]. As shown by Choe et al. [48], the PAMPs associated to Gram-negative bacteria stimulated gene expression of AMPs via binding transmembrane-signaling PGRP-LC in Drosophila.
This peptidoglycan bound PGRP-LC complex activated the NF-κB pathway, which leads to the
activation of Rel protein in fruit fly and induces the gene expression of a diverse set of AMPs
including cecropin A1 [48].
In mammals, Toll-like receptors have been demonstrated to signal NF-κB pathway and
are present on the plasma membrane of cells involved in immune responses, e.g. macrophages,
neutrophils, and epitheliums of the intestine, lungs and skin. Similar to insects, mammalian
TLRs are also involved in the recognition of microbial molecules such as LPS, peptidoglycan
(PGN), bacterial lipoproteins, lipoarabinomannan, lipoteichoic acid (LTA) and zymosa [50].
Recently, LL-37 (a type of cationic α-helical AMP) was found to express in the lung and bone
marrow of adult human [51] and vernix caseosa of newborn human infant [52]. The homeobox
gene product (Caudal) regulates the constitutive local expression of cecropins and drosomycins
in Drosophila epithelial surfaces [53]. These findings suggest a high level of conservation of
the AMP genes involving in the innate immune response between drosophila and mammal.
In cecropia moth study, Gudmundsson et al. [37] reported that an up-regulation of expression of cecropin B gene was detected at two hours post-infection with bacteria; the expression
level reached maximum level at 48 hours and continuously expressed at certain level for several
days. As shown by Samakovlis et al. [54], the cloned genes of drosophila cecropins (CecA1,
CecA2 and CecB) were greatly expressed in fat body and hemocytes after bacterial infection in
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fruit fly. Moreover, the gene product of cecropin A were detected in the digestive and reproductive tracts, and hemolymph of immunized drosophila. While the CecA1 and CecA2 were
most accumulated in larvae and adults, CecB was preferentially detected in early pupae [54].
Comparatively, the up-regulation of expression of β-defensins, a type of cysteine-rich cationic
antimicrobial peptide, was shown in the gastrointestinal tract of sheep, which may indicate a
highly conserved spatial expression of AMPs between drosophila and sheep [54, 55]. In short,
the broad phylogenic distribution, the highly conserved spatial distribution of expression among
organisms, and highly conserved structures and functions were characterized in antimicrobial
peptides.

1.4

Immunomodulatory Activities of AMPs Serving as Indirect Effects
Although the well-known activity of AMPs to kill pathogens was through the electrostatic

interruption with the plasma membrane of the pathogens (Figure 1.3, directly kill microbes),
many of the AMPs exhibited activities that modulate host immune responses to protect the
host by a range of mechanisms. As reviewed by Zhang and Gallo [1], some AMPs exerted
chemotactic activity that attracting leukocytes while other AMPs modulate host responses via
TLR signaling, stimulate angiogenesis and enhance expression of pro-inflammatory cytokines/chemokines. Some of the reported possible immunomodulatory mechanisms of AMPs
were summarized in Figure 1.3, e.g. 1) chemotactic recruiting and activating of multiple types
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of lymphocytes and leukocytes; 2) suppressing inflammation via pathogenic lipopolysaccharide and lipoteichoic acid mediated TLR responses; 3) promoting anti-inflammation via TLR
mediated enhancement of nucleic acid recognition [1, 56]. In addition, according to the early
studies conducted by Chiou et al. [57] in Chen’s laboratory, it was demonstrated that in vitro
treatment of rainbow trout RTS11 cells (a trout monocyte/macrophage cell line) with cecropin
B, CF-17 (a synthetic analogue of cecropin B) and pleurocidin (an AMP from the skin of winter
flounder (Pleuronectes americanus)) resulted in an increase of mRNA levels of interleukin-1β
(il1β), a pro-inflammatory cytokine, and cyclooxygenase-2 (cox2), an enzyme essential for the
inflammatory modulator generation.
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F IGURE 1.3: Biological functions of antimicrobial peptides. For the direct effect, AMPs
bind plasma membranes via electrostatic interactions to disrupt the membrane or enter the
bacterium to inhibit intracellular function. Some AMPs also modulate host immunity by recruiting/activating immunocytes or by perturbing different TLRs activities to achieve antiinflammation effects. DC, dendritic cell; LPS, lipopolysaccharide; LTA, lipoteichoic acid;
MAVS, mitochondrial antiviral signaling protein (modified from Zhang and Gallo [1]).
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In human, AMPs also play essential roles in modulating the host immunity. The immunomodulatory effects of human cathelicidin (LL-37) was originally identified in neutrophil
but was also found broadly produced by many cell types including epithelium and macrophages;
for example, able to attract neutrophils, mast cells, monocytes and T lymphocytes [1]. Moreover, several different defensins were discovered to have selective chemotactic ability in human [1, 58]. As reported by Yang et al. [58], human α-defensin (DEFA1) selectively induced
chemotactic migrations of CD4+/CD45RA+ naive T cells and CD8+ T cells, but not affecting
CD4+/CD45RA+ memory T cells, whereas human β-defensin (DEFB1) was chemotactic to
both CD4+/CD45RA+ resting memory T cells and immature dendritic cells [58]. Additionally,
the chemotactic effects of human neutrophil defensins on dendritic and T cells were found to be
sensitive to pertussis-toxin, and responsibility to G-protein coupled receptor was inferred. By
combining these data, other than the direct elimination of bacteria, human neutrophil defensins
contributed to adaptive immunity via inducing migration of T cells and dendritic cells [58].
Another very interesting research topic is the immunomodulatory capacities of antimicrobial peptides derived from fish, i.e. piscidins and pleurocidins, which made up a family
of linear, amphipathic and evolutionarily related to similar structured magainins in frogs and
cecropins in insects [59]. As reported by Lee et al. [60] and Pan et al. [61], the piscidins
modulated the expression of several immune relevant genes, such as il1β, il10, il22, il26, tnf-α,
ifn-γ, nf-κb, nos2, tlr1, tlr3, tlr4 and myd88, in both grouper (Epinephelus coioides) and zebrafish (Danio rerio). In addition, similar effects were observed in mice model with additional
treatment of epinecidin-1 that immune-responsive genes like il6, il10, il12, ccl2, tnf-α and ifnγ were perturbed [62]; immunoglobulin G1 (igG1) was up-regulated as well [63]. Lastly, a
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screen of 20 pleurocidin peptides stimulating degranulation of human mast cell LAD2 (Laboratory Allergic Disease 2), was discovered by Pundir et al. [64]. The group also reported that
pleurocidin (NRC-04) induced cellular adhesion, cell migrating, degranulation and releasing of
cysteinyl leukotrienes and prostaglandin D2 in LAD2 cell, and mast cell G-protein mediated
productions of pro-inflammation chemokines (e.g. Ccl2 and Ccl4) and Ca++ mobilizations
were established as well [64]. By summarizing these facts, although piscidins and pleurocidins
are unique to fish, their conserved homologues modulated host immunity were examined in
a broad-range of species [59]. Some additional results supporting the concept that cecropins
possess immunomodulatory capabilities were further established by studies conducted by Lo et
al. [35] in our laboratory, via analyzing the differential expression profiles of immune relevant
genes in two families of cecropin P1 transgenic rainbow trout. By hybridizing the cDNA samples synthesized from mRNA samples isolated from three immune competent tissues (namely
spleen, liver and kidney) onto 44k custom-made salmonid genomic chips (manufactured by
Dr. Ben Koop, University of Victoria, Canada) [65], differentially expressed immunity relevant genes were detected tissue specifically, and functional perturbed biological processes were
identified in two families of transgenic rainbow trout harboring cecropin P1 transgene. The
overall results imply that antimicrobial peptides may exert multifaceted immunomodulatory
properties to boost host innate and adaptive immunity beyond their direct elimination of microbial pathogens.
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Overview of Transgenic Fish Technology
Because of the poikilothermic nature and living in a low temperature environment, fish

possess an inefficient acquired immune response. Consequently, AMPs may play an essential
role in protecting themselves from microbial infection via innate immunity. As reviewed by
Chen et al. [66], because fish is functionally similar to mammals, evolutionarily close distant
to mammals, and can be easily and economically produced in large scales, transgenic fish serve
as extremely valuable models for basic and applied research. Here, a brief introduction of
the technology developed in Chens laboratory that were used to generate different types of
transgenic fish harboring various antimicrobial peptide transgenes will be discussed.
Transgene is a piece of DNA containing a non-self-originated gene that was introduced
into living organisms to express the transgene product. In order to properly express the transgene product, a transgene is usually constructed in a plasmid with desired structural nucleotides
and an appropriate promoter and enhancer element. In the early days, to generate genetic modified (GM) fish, a variety of promoters from non-fish species such as Gap43 of rat [67], ACTB
of chicken [68] and immediate early enhancer and promoter of human cytomegalovirus (CMV)
[69] were utilized. More recently, promoter and enhancer sequences of fish origin were used to
generate all-fish expression cassettes. For instance, β-actin of normal carp (Cyprinus carpio)
[70] and Japanese medaka (Oryzias latipes) [71], and heat shock protein 70 (hsp70) of zebrafish
(Danio rerio) [72], were reported to serve as tissue-specific or inducible promoters. Once the
transgene is constructed, the next step is to introduce the transgene into host embryos.
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In order to transfer the foreign DNA into the hosts, several techniques have been developed. For example, direct microinjection, calcium phosphate precipitation, lipofection, retrovirus infection, electroporation and particle gun bombardment have been used to introduce
transgene into animal cells, plant cells, and germ-line cells of mammals and other vertebrates
[66]. Among these methods, electroporation of foreign DNA into newly fertilized eggs was
proven as one of the most reliable method of gene transfer in fish and, thus, has been chosen
to produce transgenic medaka and rainbow trout harboring various cecropin transgenes in our
laboratory [34, 73].
Fish disease caused by microbial pathogen infection is one of the most severe bottleneck
in the aquaculture industry. Traditionally attempts to control fish diseases are primarily focused
on development of vaccines against pathogens, treatment of diseased fish with antibiotics, and
selection of fish strains with high resistance to pathogens [66]. In spite of fact that effective vaccines have been developed against several essential fish pathogens, current vaccination
practice is costly, laborious and great time consuming. Moreover, the disadvantages of timeconsuming and frequently unpredictable outcome have limited the performance of traditional
genetic selection of disease resistant fish strains. In addition, the treatment of diseased fish
with antibiotics was effective, but hindered by the selection of antibiotic resistant pathogens
in the aquatic environment, and lacking effective cure of viral infection. Thus, effective measures of controlling fish diseases in the aquaculture industry are awaiting to be developed, and
transgenic fish technology may promise a solution to this problem. As reported by Sarmasik
et al. [30], transgenic medaka bearing cecropin B and cecropin P1 transgenes were produced,
and these transgenic fish exhibited elevation of resistant to bacterial infection. Through in vitro
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studies, Sarmasik et al. demonstrated that recombinant cecropin B deterred the propagation of
three different fish pathogens (namely Pseudomonas flourescens, Aeromonas hydrophila and
Vibrio anguillarum) [30]. Furthermore, Chiou et al. [74] showed by in vitro studies that synthetic cecropin B and CF-17 peptide (a synthetic cecropin B analogue) inhibited the replication
of several fish viruses, e.g. infectious hematopoietic necrosis virus (IHNV), viral hemorrhagic
septicemia virus (VHSV), snakehead rhabdovirus (SHRV) and infectious pancreatic necrosis
virus (IPNV). Combination of the above reviewed facts led to a hypothesis that production of
infectious disease resistant fish strain may be achieved by the introduction of AMP transgenes
into fish.
To prove this hypothesis, Sarmasik et al. [30] introduced recombinant transgenes of
prepro-cecropin B, pro-cecropin B, mature cecropin B and cecropin P1 into medaka embryos
by electroporation, and challenged the resulting F2 transgenic medaka at an LD50 dose with
Pseudomonas flourescens and Vibrio anguillarum, respectively. The relative percent survival
(RPS) rate of the challenged F2 fish ranged from 72% to 100% against P. flourescens and 25%
to 75% against V. anguillarum [30]. To validate the practicability of applying the transgenic
technique to commercially essential fish species, Chiou et al. [34] inserted cecropin P1 and CF17 transgenes into rainbow trout via the sperm-mediated gene transfer technique as depicted in
Figure 1.4. Then, the positive P1 transgenic fish (confirmed by PCR amplification assay) were
crossed to non-transgenic fish to establish the F1 founder families, and subsequently bred to
F2 and F3 progeny. By repeated challenge studies, elevation of resistance against the bacterial
pathogen, Aeromonas salmonicida, and the viral pathogen, IHNV, were revealed in F2 and F3
generations of heterozygous cecropin P1 transgenic rainbow trout [34]. As described in Figure
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1.5 and 1.6, the suppression of cumulative mortality in F2 and F3 transgenic families ranged
from 80-85% in control non-transgenic fish to 12-40% in transgenic fish (challenged against
A. salmonicida) and from 82-83% in non-transgenic fish to 4-25% in transgenic fish (challenged against IHNV), respectively. By combining the challenge studies of Chiou et al. [34]
and the immunomodulatory effects of AMPs discussed in previous section, these results clearly
demonstrated the potential application of transgenic fish technology in generating aquaculture
important fish strains with more robust resistance to infectious microbial pathogens.
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F IGURE 1.4: Sperm mediated gene transfer via electroporation. Sperm was collected in a
dry tube, diluted with sperm extender, mixed with insert of transgene DNA to give 104 DNA
molecules/sperm and electroporated in a cell porator under the following condition: capacitance, 110 o F; voltage, 250-300 V; pulse number, 2. Freshly collected normal eggs were fertilized with electroporated sperm, and the hatched fry were reared until genotyping (modified
from Chiou and Chen [23, 47]).

21

Chapter 1

22

Transgenic fish technology provides an ideal option to produce disease resistant fish strains.
These transgenic fish harboring AMP transgene is available for detailed analysis of differential
expression of genes in the innate/adaptive immunity pathways, and these results clearly demonstrated the potential application of transgenic fish technology in producing fish with more robust
resistance to infectious pathogens for the aquaculture industry. Besides the selection of disease
resistant fish strains, the fish genetic modification (GM) technology also promises the following
applications such as 1) improving somatic growth via introducing the growth hormone gene;
2) increasing of body color variations in ornamental fish through mediating transgenic fluorescence proteins; 3) serving as research models for human disease studies;, and 4) being utilized
as environmental bio-monitors via introducing transgenic fusion-protein of luciferase or green
fluorescence protein (GFP) reporter gene fused to aromatic hydrocarbon response elements
(AHRE), electrophile response elements (EPRE) or metal response elements (MRE) [66].
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F IGURE 1.5: Mortalities of F2 and F3 heterozygous cecropin P1 transgenic rainbow trout
challenged with Aeromonas salmonicida. For each family, challenge was conducted in 30
fish/family (1-2 g bodyweight) in triplicates, and the dose of A. salmonicida (5×105 cfu/ml)
used in each challenge study brings about 80% mortality in non-transgenic fish [34].
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F IGURE 1.6: Mortalities of F2 and F3 heterozygous cecropin P1 transgenic rainbow trout
challenged with IHNV. For each family, challenge was conducted in 30 fish/family (1-2 g
bodyweight) in triplicates, and the dose of IHNV (5×105 pfu/ml) used in each challenge study
brings about 80% mortality in non-transgenic fish [34].
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Powerful Tools of Genomic Approaches to Profile the Expression of Immune Relevant Genes in Transgenic Fish
In recent years, the technology of cDNA microarray analysis have been increasingly uti-

lized to investigate the gene expression patterns in various fields of studies; for instance, aiding
evolutionary study [75], detection of diseases [76], classifying the context of diseases and/or
pathogens [77, 78], developing new vaccines and therapeutic proteins [79], probing and illuminating biological pathways [11] etc. (see Jaluria et al. for review [80]). In the previous studies
conducted in our laboratory [35], utilizing infectious disease resistant rainbow trout carrying
cecropin P1 transgene as experimental animals, we reported the effect of cecropin P1 on a
global gene expression profile at the organismal level via cDNA microarray analysis on a 44k
custom-made oligo salmonid array platform [65]. In order to illustrate the molecular determinants playing key roles in fish surviving toward infectious pathogens and to discover functional
perturbations of biological processes account for the enhanced immunity of transgenic trout,
three immune competent tissues, i.e. spleen, liver and kidney, were evaluated. Messenger RNA
samples were isolated from the spleen, kidney and liver separately from two transgenic and one
non-transgenic fish families, and the resulting differential gene expression profiles of immune
relevant genes were analyzed by two data mining tools, i.e. GeneCodis modular enrichment
analysis [81] and gene set enrichment analysis (GSEA) [82]. By following the standard protocol of the cDNA microarray analysis outlined in Figure 1.7, Cy5- or Cy3- labeled cRNA samples were generated from each mRNA sample. Subsequently, equal amounts of fluorescence
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labeled cRNAs were, tissue specifically, mixed and hybridized to custom-made 44k oligonucleotide genomic chips [65] at 65 o C for 16 h. After washing, the arrays were scanned at 5 mm
resolution in an Agilent G2565CA High Resolution Scanner (performed by Ambry Genetics,
Aliso Viejo, CA). The datasets of expression patterns were collected, and genes were annotated
according to the pathway records of human and zebrafish fetched from Kyoto Encyclopedia
of Genes and Genomes (KEGG) database with customized scripts [35]. After data mining
via GeneCodis enrichment analysis/GSEA and confirming reliability of array results with RTqPCR analysis, Lo et al. identified multiple functional perturbations, directly or indirectly, that
altered the host immunity, and also addressed the multifaceted immunomodulatory property of
this cationic host defense peptide in the three immune competent tissues [35]. However, this
cDNA microarray analysis was limited by the following constraints: 1) detection limits: the
measurement accuracy of the expression levels was limited by its hybridization based florescence emissions, especially the transcripts existing in very high or low copy numbers [83]; 2)
only 44k genes were analyzed and didnt provide a global view of the total transcriptome; 3)
the gene chip was customized based on Atlantic salmon (Salmo salar) genome and considered
not entirely reflecting the trout genomic information. In order to overcome these limitations, a
cross-platform confirmation, RNA-Seq analysis, was conducted in this dissertation.
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F IGURE 1.7: General protocol of cDNA microarray. Cy5 or Cy3 labeled cRNA were prepared from mRNA and hybridized onto custom-made 44k salmonid genomic chip (Dr. Ben
Koop, Univ. of Victoria, Canada [65]).
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Recently, with advances of the next generation sequencing (NGS) technique, the deep
mRNA sequencing (mRNA-Seq) has become a powerful tool to facilitate studies including: 1)
de novo constructing transcriptome without aligning to reference genome, 2) evaluating nucleotide variations and 3) analyzing DNA methylation patterns etc. [84–86]. As reviewed by
Han et al. [87], NGS technology is devoid from lots of restraints dictated by old methods,
such as the bias caused by poor probe selection in array technique, high background of crosshybridization, and narrowed dynamic range of detection due to signal saturation. Therefore,
with advantages of the high throughput, improved sensitivity, reduced time consumption and
continuously dropping of the cost, mRNA-Seq is widely applied in many research fields, especially for characterization and quantification of genomes, epigenomes and transcriptomes [87].
Generally, a typical RNA-Seq workflow should involve the following steps categorized into
three major sections as shown in Figure 1.8. Firstly, the experimental section includes the isolation and fragmentation of RNA samples, cDNA synthesis, constructing library and collecting
short reads by NGS sequencer. Secondly, the resulting raw reads serve as the input of the second computational section, whereas removing redundant and/or low-quality reads, mapping the
qualified reads to reference genome or de novo assembly, and indexing the aligned reads into
gene-level/exon-level/transcript-level to assess the abundance of each category, are achieved.
Finally, in the systems biology section, the resulting datasets are evaluated by statistic models
to generate differentially expressed gene profiles, followed by pathway or network level analyses to gain biological insights. Additionally, regulatory mechanisms may also be determined
via integrating with other datasets of epigenomic or proteomic studies [87]. In this dissertation,
deep mRNA sequencing is conducted to confirm the preliminary results of cDNA microarray
analysis, and extend the study by transcriptomic profiling of immune relevant DEGs on two
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transgenic fish families, tissue specifically. As reported by Chiou et al. [34], there are several
different families of transgenic fish exerting consistent enhancement of disease resistant awaiting to be examined and repeating DNA microarray or RNA-Seq analyses will be considered
high in cost and time consumption; therefore, an alternative analysis platform (i.e. RT-qPCR
array) is highly demanded.
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F IGURE 1.8: Overview of a general RNA-Seq pipeline. Three major sections are outlined as
following: The experimental biology, the computational biology and the systems biology. The
arrows point from step to step of sequencing and analysis (modified from Han et al. [86]).

30

Experimental
Biology

Biological meaning

Enriched
categories tests

Pathways
analysis or coexpression
network

Systems Biology

Combined to
epigenomic or
proteomic data

Transcriptomic
structure assay

Sorting DEGs

Construction of library with parallel sequencing

Fragmentation of RNA and reverse transcription

Isolation of RNA
Computational
Biology

Identification of coding
regions/exons/junctions

Reads alignment to reference genome
or de novo assembly

Quality control and preprocessing

Obtaining short
reads

Chapter 1
31

Chapter 1

32

Traditionally, reverse transcription real time quantitative poly-chain reaction (RT-qPCR) is
routinely applied to a wide range of topics in life science research, especially in determinations
levels of gene expression because of its high sensitivity and reliability [88]. By combination of
the efficient performance of the regular RT-qPCR and the gene profiling capability of microarray, RT-qPCR array is developed as a greatly reliable and sensitive gene expression profiling
method for analyzing focused panels of genes in a variety of studies. For instance, as reported
by Carvalho et al. [89], custom-layout RT-qPCR array was constructed by utilizing pre-defined
DEGs, known to be associated to abiotic stress, to identify uncharacterized genotypes of Tinta
Amarela and Touriga Nacional, which were shown sensitive or tolerance of abiotic stress, and
the proved DEGs could also serve as indicators (of the major abiotic stress) to select the plant
subjected and/or responding to drought, heat or excess light. Another good example to demonstrate the utility of RT-qPCR array technique in profiling gene expression published by Yu et
al. [90]. A custom-layout RT-qPCR array was built with 53 genes (known as apoptosis related genes), the differential expression levels of these genes were addressed in hippocampus
of Ts65Dn mice (mouse strain of a postnatal model of Down syndrome), and positively apoptotic correlation of DEGs were identified [90]. RT-qPCR array technology was proved useful
in studying essential functions of MicroRNAs (miRNAs) in normal cellular and disease biological processes. As shown by Chen et al. [91], 210 recently discovered miRNAs were used
to construct a RT-qPCR array, and the relative expression patterns genes were determined with
and without pre-amplification of miRNAs. Additionally, Chen et al. also compared the performance of RT-qPCR array and cDNA microarray from the same RNA, and a higher false
positive rate of differential miRNA expression was observed in the microarray analysis [91].
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By modifying from the layout described by Arikawa et al. [88], we constructed a customlayout RT-qPCR array with pre-defined immune relevant DEGs (from the results of microarray
and RNA-Seq studies) for analysis of disease resistant transgenic fish families. The results of
studies will be discussed in Chapter 4.

1.7

Research Rationale and Objectives
Fish are living in an aquatic environment where they eat, grow, reproduce, excrete, and

survive together with a vast numbers of microorganisms, and consequently they are very susceptible to infection by pathogenic microorganisms. Because of their poikilothermic nature,
fish highly rely on their innate immunity, rather than adaptive immunity, to defend themselves
from pathogens. Studies have demonstrated that fish possess antimicrobial peptides as an important strategy to counter against infectious pathogens [59, 92]. Therefore, development of
disease resistant fish via manipulation of fishs innate immunity might be one of the most effective measure to control fish diseases in the aquaculture industry. This goal could be achieved
by constructing transgenic fish harboring antimicrobial peptide transgenes.
Our laboratory had produced several families of transgenic rainbow trout carrying cecropin P1 transgene, and these fish exhibit elevated disease resistant characteristic to infectious
pathogens through repeated challenge studies [34]. According to the in vitro studies conducted
by Chiou et al. [57] in the rainbow trout macrophage cell line, various cecropin-like AMPs,
such as cecropin B, pleurocidin and CF-17, exerted immunomodulatory effects. In addition,
a global gene expression profiling of immune relevant genes in the disease resistant cecropin
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P1 transgenic rainbow trout via cDNA microarray analysis on a 44k salmonid genomic chip
was performed by Lo et al. [35], and the results showed that the biological processes associated to fish immunity have been significantly perturbed in the cecropin P1 transgenic rainbow
trout. By combining these findings, I have generated a question: what roles do cecropin P1
transgene product play in transgenic rainbow trout? To answer this question, I have formulated
a hypothesis that cecropin P1 not only eliminate pathogen directly, but also modulate the host
immune systems, and the combination of these two effects results in promotion of resistance to
infectious pathogens. To validate this hypothesis, I have formulated the following objectives to
be conducted in this dissertation:
1. To confirm the results of cDNA microarray analysis of Lo et al. [35] by deep mRNA
sequencing (mRNA-Seq). In the cDNA microarray analysis, mRNA samples were isolated
from the spleen, kidney and liver of two families of disease resistant transgenic fish. For direct
comparison purpose, mRNA-Seq analysis will be conducted with the identical mRNA samples.
2. To analyze the transcriptomic differential gene expression profiles in three immune
competent tissues of cecropin P1 transgenic rainbow trout using the data from mRNA-Seq
analysis, and compare with results of Lo et al. [35].
3. To examine additionally functional perturbations of innate and adaptive immune relevant pathways and processes with the results of mRNA-Seq analysis.
4. To complete the analysis of the differential expression profiles of immune relevant genes
of the remaining transgenic fish families by custom-made RT-qPCR array with pre-defined
DEGs from the mRNA-Seq analysis. From studies conducted by Chiou et al. [34], five disease
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resistant transgenic rainbow trout families were produced. Studies on profiling the differential
expression patterns of immune relevant genes were carried out in two transgenic fish families
by cDNA microarray analysis and mRNA-Seq. The other three fish families remain to be
analyzed. The last part of my dissertation will be devoted to complete the analysis of these fish
families using the custom-made RT-qPCR array with the pre-defined DEGs of the mRNA-Seq
analysis.
In summarizing the results from RNA-Seq and RT-qPCR array studies, generated sufficient amount of evidence to support my hypothesis, and this knowledge will benefit the future
studies of fish genomics and immunology. Moreover, the pre-defined DEGs from the RNA-Seq
analysis promise to be used as markers for screening of disease resistant fish strains, and the
developed RT-qPCR array technique could facilitate this process.

Chapter 2

General Materials and Methods

In this chapter, the general methodologies utilized during the course of the studies presented in this dissertation are briefly described. The composition of the solutions and buffers
are described in Appendix A, the oligonucleotide sequences of primers for general qPCR analysis are listed in Appendix B and the oligonucleotide sequences of primers for RT-qPCR array
are stated in Appendix C. Special methods relevant to the studies presented in each chapter will
be described in the specific chapter.

2.1

Nucleic Acid Isolation and Extraction

2.1.1

RNA Extraction (guanidium isothiocyanate)

Fresh tissue samples of the spleen, liver and kidney were harvested from transgenic families (F073, F180, F231, F509 and F695) and one non-transgenic family of rainbow trout (one
36
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year old) maintained in the Salmon Disease Laboratory at the Oregon State University (OSU
protocol NO. 4282). Prior to tissue collection, fish were euthanized by treatment with MS-222,
Tricaine mesylate, following the specification in OSU protocol NO. 4282.
To prepare RNA from each tissue (spleen, liver and kidney), 400 µg of dissected tissue was
placed into 4 mL of lysis solution (4 M guanidinium isothiocyanate; 20 mM sodium acetate, pH
4; 0.1 mM dithiothreitol; 0.5% sarkosyl). Subsequently, the tissue sample was homogenized
with Polytron PT-3000 homogenizer (Kinematica AG, Luzernerstrasse, Switzerland) at 16,000
rpm for 30 seconds, room temperature. To the resulting solution, equal volume of DEPCwater saturated phenol and 0.2 volume of chloroform/isoamyl alcohol (24/1) were added, and
mixed thoroughly. The mixture was incubated on ice for 5 minutes and centrifuged at 12,000
x g, 4 o C for 15 minutes. The lower organic phase was removed and the extraction steps
were repeated twice until the interphase was almost disappeared. The upper aqueous phase was
transferred to a fresh test tube, followed by precipitating the RNA via adding 1 volume of 100%
isopropanol. After incubating the mixture at -20 o C for one hour or overnight, the RNA sample
was centrifuged 20 minutes at 10,000 x g, 4 o C. The resulting pellet was re-suspended in 0.3
mL lysis solution and precipitated again via adding 2.5 volume ethanol, followed by chilling
for 1 hour (or overnight) at -20 o C. The RNA was recovered by centrifugation at 10,000 x
g, 4 o C for 20 minutes and washed with icy 70% ethanol. The pellet was dried in vacuum,
dissolved in RNase-free H2O and spectrophotometrically quantified at A260 with the Agilent
Bioanalyzer (Agilent Technologies, Santa Clara, CA) and the NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE).
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RNA Extraction (TRIzol)

To prepare RNA from freshly harvested tissues (spleen, liver and kidney), 500 to 800 µg
of dissected tissue was pooled into 5 to 8 mL (10 x volume of weight of tissue) of TRIzol
(Ambion Life Technologies, Carlsbad, CA). Subsequently, the tissue sample was homogenized
with Polytron PT-3000 homogenizer (Kinematica AG, Luzernerstrasse, Switzerland) at 16,000
rpm for 30 seconds, at room temperature. To the resulting solution, 0.2 volume of chloroform
were added, and vortexed vigorously for 15 seconds. The mixture was incubated 3 minutes at
room temperature and centrifuged at 12,000 x g, 4 o C for 15 minutes. The upper aqueous phase
was transferred to a fresh test tube, followed by precipitating the RNA via adding 1 volume
of 100% isopropanol. After incubating the mixture at -20 o C for one hour or overnight, the
RNA sample was centrifuged for 20 minutes at 10,000 x g, 4 o C. The resulting RNA pellet was
washed with one volume of 75% ethanol, recovered by centrifugation at 7500 x g for 5 minutes,
4 o C and dried in vacuum for 5 minutes. The dried RNA was dissolved in RNase-free H2 O and
spectrophotometrically quantified at A260 with the Agilent Bioanalyzer (Agilent Technologies,
Santa Clara, CA) and the NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington,
DE).

2.1.3

Genomic DNA Removal via DNase Digestion

To remove genomic DNA in RNA samples, DNase digestion was conducted in a total volume of 100 µL. Fifty µg of total RNA was mixed with 5 µL of RQ1 DNase (1U/µL, Promega,
Madison, WI), 10 µL of 10 x RQ1 reaction buffer (Promega, Madison, WI) and DEPC-H2 O to
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a final volume of 100 µL. The reaction mixture was incubated at 37 o C for 30 minutes, followed
by inactivation at 70 o C for 10 minutes. The resulting RNA sample was mixed with additional
2 volume of TRIzol (Ambion Life Technologies, Carlsbad, CA), vortexed vigorously and incubated at room temperature for 5 minutes. Subsequently, to the resulting mixture, 0.2 volumes
of chloroform was added, mixed by hand shaking and incubated at room temperature for 3 minutes. After centrifugation at 12,000 x g, at 4 o C for 15 minutes, the upper aqueous phase was
transferred to fresh tube. The RNA was precipitated via adding equal volume of isopropanol,
followed by incubating at -20 o C overnight or one hour. The RNA sample was recovered by
centrifugation at 10,000 x g, for 20 minutes, at 4 o C. The resulting RNA pellet was washed with
one volume of 75% ethanol, recovered by centrifugation at 7500 x g for 5 minutes, 4 o C and
dried in vacuum for 5 minutes. The dried RNA was dissolved in 30 µL of RNase-free H2 O.
The quality and the concentration of each RNA sample was assessed by an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA) and a NanoDrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE).

2.2

Reverse Transcription Synthesis of First Strand cDNA
Reverse transcription was carried out in a total volume of 30 µL. Two to five µg of total

RNA was mixed with 500 ng of oligo-(dT)18 and DEPC-H2 O to bring the total volume to 11 µL.
The resulting reaction mixture was heated to 65 o C for 10 minutes followed by quick chill on
ice. After quick chill, the mixture was treated with the reagent mixture containing the following
components: 9 µL of DEPC-H2 O, 6 µL of 5 x reaction buffer (Invitrogen, Calsbad, CA), 1 µL
of 0.1 M DTT(Invitrogen, Calsbad, CA), 1 µL of 10 mM dNTP (Bioline, Taunton, MA), 1 µL

Chapter 2

40

of RNasin (40U/µL, Promega, Madison, WI) and 1 µL of Superscript III reverse transcriptase
(18080-044, Life Technology). The reaction mixture was gently mixed and incubated at 42 o C
for 1.5 hours, followed by inactivation by heating to 70 o C for 15 minutes. The resulting cDNA
mixture was diluted by adding TE buffer to a total 100 µL.

2.3

Polymerase Chain Reaction (PCR)
The standard PCR reaction was carried out in a total volume of 50 µL of reaction mixture.

The reaction mixture contains 1 x iTaqTM reaction buffer (New England Biolabs, Ipswich,
MA), 200 µM of dNTP, 0.1 µM of forward and reverse primers of housekeeping gene, 1.25
U/50 µL of iTaqTM DNA polymerase (170-8870, Bio-Rad) and 5 µL of each template cDNA.
The amplification program consisted of initial denaturing for 1 minute at 94 o C, followed by 35
cycles of 10 seconds at 94 o C, 20 seconds at 50 o C for annealing and 15 seconds at 72 o C for
synthesis. Afterwards, the PCR products were analyzed by electrophoresis (40 mV, 1.5 h) on
1% agarose gels and visualized after staining with ethidium bromide.

2.4

Quantitative Real-Time PCR (RT-qPCR)
The qPCR assay was conducted in a 96 wells plate in the C1000 thermal cycler/CFX96

Real-Time PCR Detection System (Bio-Rad, Hercules, CA). The reaction mixture, 20 µL,
contains 1 µL of cDNA template, 0.5 µM of gene specific primers (Appendix B), 1x SsoFast
EvaGreen Supermix (172-5201, Bio-Rad), and 0.01 µM fluorescein (170-8780, Bio-Rad). The
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amplification program consisted of initial denaturing for 2 minutes at 98 o C, followed by 40
cycles of 5 seconds at 98 o C and 30 seconds at 59 o C for annealing and synthesis. For quality
control of the amplified products, a melting curve, 65 o C to 95 o C with 0.5 o C increments
every 5 seconds, was performed after each amplification. Subsequently, the threshold cycle
(Ct) values were collected by CFX manager (Bio-Rad) and analyzed by standard normalizer of
2−∆∆C t [93] to determine the differential expression levels.

Chapter 3

RNA-Seq Analysis of Differentially
Expressed Genes Relevant to Innate and
Adaptive Immunity in Cecropin P1
Transgenic Rainbow Trout (Oncorhynchus
mykiss)

3.1

Introduction
Outbreak of diseases caused by pathogen infection is one of the most serious bottlenecks

in the aquaculture industry worldwide. Traditional strategies including vaccination, treatment
42
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of diseased fish with antibiotics, and artificial selection of disease resistant fish strains by traditional approach have been used to control fish diseases with some success. However, deficiencies, such as high economic costs of vaccination, selection of antibiotic-resistant pathogens in
aquatic environment, lacking effective cure of viral infection, and low degree of overall protection of fish population associated with these traditional strategies have limited their feasibilities.
Therefore, effective means of controlling fish diseases in the aquaculture industry are awaiting
to be developed, and transgenic fish technology may provide a solution to this problem. Mediated via the transgenic fish technology, directly modifying the unwanted genetic traits that cause
the vulnerability of fish to infection by pathogens, or introducing specific genes that may confer
resistance to pathogen infection into the fish genome might achieve the purpose of protecting
fish from invasion by pathogens (see review by Chen et al., 2014 and 2017) [66, 94].
Cecropin B, which was first identified in cecropia moth, Hyalophora cecropia, is one of
the antimicrobial peptide family member proteins playing an essential role in the innate immunity of insects [5]. According to Shai [41], the zwitterionic AMPs, 31 to 39 amino acid residues
in length and α-helical cationic amphipathic peptides, can be integrated into the cellular membrane of pathogens and resulted in the formation of pores on the cellular membrane leading
to ultimate lysis of pathogen cells [1, 6]. Cecropin P1, identified from nematode inhabiting in
the porcine small intestine, was found to be more potent against Gram-negative bacteria than
Gram-positive bacteria [7], and was thus chosen as transgenic target gene in our laboratory for
production of transgenic rainbow trout.
In the past years, transgenic medaka [30] and rainbow trout [34] that harbor cecropin B
or cecropin P1 transgene were generated by microinjecting the transgene into fertilized eggs
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or by electroporating the transgene into sperm. Through repeated challenge studies, families
of heterozygous cecropin P1 transgenic rainbow trout in the second and third generations were
shown to be resistant to infection by Aeromonas salmonicida, infectious hematopoietic necrosis
virus (IHNV) and Ceratomyxa shasta (a common parasite infecting rainbow trout) [34, 94]. In
addition, Chiou et al. demonstrated that in vitro treatment of rainbow trout RTS11 cells (a trout
macrophage cell line) with cecropin B and its synthetic analogue (CF-17) led to up-regulation of
interleukin-1β (il1β), which is a pro-inflammatory cytokine, and cyclooxygenase (cox2), an enzyme essential for the inflammatory modulation [57]. Although AMPs can eliminate pathogens
directly, Chiou et al. [57] and Lai [56] further suggested that AMPs might also initiate an immunomodulatory process in the host immune system. To support this perception, a preliminary
study on the analysis of gene expression profiles of immune related genes in two families of cecropin P1 transgenic rainbow trout was conducted by Lo et al. [35] in our laboratory via cDNA
microarray analysis on a 44k custom made salmonid chip [65]; many tissue-specific differentially expressed genes (DEGs), namely in the spleen, liver, and kidney, were determined. Organ
specific functional perturbations of the host innate/adaptive immune pathways were identified
including phagocytosis, lysosomal processing, complement activation, antigen presenting, and
leukocyte migration. Furthermore, disturbance of biological processes, which may contribute
indirectly to host immunity, were also determined such as lipid metabolic process, cellular focal adhesion, and extracellular matrix (ECM)-organization [35]. By combining these facts, we
hypothesized that transgenic cecropin P1 may not only eliminate pathogens directly, but also
modulate the hosts innate and adaptive immunity. However, cDNA microarray conducted by
Lo et al. has several limitations, e.g. firstly, hybridization based florescence detection limits the
measurement accuracy of the expression levels, especially the transcripts existing in very high
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or low copy numbers [83]; secondly, only 44k genes were analyzed and didn’t provide a global
view of the total transcriptome; thirdly, the gene chip was customized according to Salmo salar
genome and considered not thoroughly reflecting the trout genomic information. To overcome
these limitations, and to extend the study for more solid evidence, a cross-platform confirmation
is highly desirable.
The recent advances of the next generation sequencing technology (NGS), i.e., deep RNA
sequencing (RNA-Seq), have exerted tremendous impact on studies on de novo construction of
the transcriptome without a reference genome, evaluation of nucleotide variations, and evaluation of methylation patterns of genes, etc. [84–86]. This technology has advantages over the
cDNA microarray analysis in the following aspects: firstly, high levels of data reproducibility leading to reduction of technical replications for the experiments; secondly, allowing easy
identification and quantification of the expression of isoforms and unknown transcripts; thirdly,
increasing the popularity of high throughput sequencing technologies resulted in a significant
reduction of the cost the RNA-Seq experiments. To confirm the mentioned hypothesis in the
current study, de novo mRNA deep sequencing by the Illumina second generation system was
carried out in three different immune relevant tissues (namely the spleen, liver, and kidney) of
cecropin P1 transgenic rainbow trout, and followed by Trinity assembly of the data [95]. By
sorting of Reads Per Kilobase of transcript per million mapped reads (RPKM), the DEGs were
determined. From the GeneCodis enrichment analysis [96, 97], we discovered functional alterations of biological processes with identifiers of Gene Ontology: Biological Process (GO:BP)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. Finally, by establishing
KEGG-based pathways analyses, we further revealed that immune relevant processes in the
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spleen and kidney, and energy metabolism relevant processes in the liver were significantly
perturbed. These results strongly support our hypothesis and will benefit future studies on the
genetics of fish immunology. Furthermore, these perturbed DEGs may also serve as biological markers for artificial selection and breeding of disease resistant aquaculture important fish
species.

3.2

Special Materials and Methods

3.2.1

Transcriptomic Sequencing and Reads Assembly

Illumina second generation sequencing was performed by Beijing Genomic Institute (BGI)
as a commercial service. RNA samples of the non-transgenic rainbow trout were used to generate reference database. Poly(A)+ -RNA was isolated from the total RNA by magnetic beads
conjugated with oligo(dT). The poly(A)+ -RNA was fragmented to about 200 bases, and subjected to first strand cDNA synthesis using random hexamer as primers. After addition of
buffer, dNTPs, RNase H and DNA polymerase I, the second strand cDNA was synthesized.
The double-strand cDNA was purified, and modified by 5’-end phosphorylation and 3’-end
addition of single nucleotide adenine. After ligation to the sequencing adaptors, the suitable
cDNA fragments were selected as templates for the PCR amplification, and the products were
sequenced by Illumina HiSeqTM 2000. After sequencing, clean reads were collected by removal of adaptor sequences, reads containing > 5% unknown nucleotides and reads with low
quality bases (base quality < 10). Subsequently, the transcriptomic de novo assembly was
carried out with the short reads assembling program, Trinity [95] to generate unigenes. After
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generating reference database from non-transgenic rainbow trout, tissue specific RNA samples
from two transgenic families were sequenced by the same procedure. By removing the noise,
reads of adaptor, reads of unknown bases > 10%, and reads of low quality bases (base quality < 5) greater than 50%, clean reads were produced and mapped to reference database with
SOAPaligner/SOAP2 [98]. During the mapping, no more than two mismatches were allowed
in the alignment.

3.2.2

Unigene Annotation and Functional Classification

Homology searches of the assembled unigenes were performed against public protein
databases of Nr, Swiss-Prot, KEGG, and COG by blastx (the e-value < 10−5 ). In addition,
functional classification of unigenes was also conducted via Blast2GO program [99] for nonredundant GO annotation, and web gene ontology annotation plot (WEGO) program [100] for
GO classification.

3.2.3

Differential Expression of Unigenes

The gene expression level was calculated by parameter of RPKM. RPKM is defined as
RP KM (X) = 106 C/(N L10−3 ), where RPKM(X) stands for the expression of gene X, C
equals to the number of reads that specifically aligned to gene X, N is the total number of
reads that aligned to all genes, and L stands for the number of bases of gene X. After determining RPKM of unigenes, the base two logarithm of RPKM ratio of transgenic over nontransgenic group was calculated, and the unigenes with RPKM ratio greater than 2 folds, i.e.,
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log2 (transgenic/non − transgenic > 1or < −1), were defined as differentially expressed
genes (DEGs). If there was more than one unigene for a gene, the longest unigene was used to
determine the expression level and coverage.

3.2.4

Bioinformatics Analysis

In the enrichment analysis by GeneCodis (http://genecodis.cnb.csic.es/), both pre-defined
DEGs of each tissue from the transgenic fish and the total genes of the non-transgenic fish library, serving as a reference gene list, were inputted to inquire GO: Biological Process, GOSlim
Process and KEGG pathways. The default statistical parameters (minimum number of genes: 3,
statistical test: hypergeometric and chi-square; p-value correction = false detection rate: FDR)
were applied for both singular and modular enrichment analyses.

3.3

Results

3.3.1

De novo Sequencing, Reads Assembly, and Annotation of Reference
Database from Non-transgenic Fish

Pools of RNA samples from three tissues (i.e., the spleen, liver, and kidney) of nontransgenic rainbow trout were used to generate the reference genome library database. By
removing reads of adaptor, reads of unknown nucleotides greater than 5% and reads with low
quality bases (base quality < 10), 103,048,352 paired-end clean reads from total nucleotides
of 9,274,351,680 were obtained. After de novo assembly by the Trinity program [95], 257,490
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contigs with the average length of 285bp were collected, and a total of 141,850 unigenes with
the average length of 523bp were determined (Figure 3.1). Subsequently, the unigenes were annotated by BLAST-p according to six databases, namely nucleotide collection NR/NT, SwissProt, KEGG, GO, and Clusters of Orthologous (COG). The annotated unigenes were than used
as reference genome library for further transgenic transcriptomic sequence mapping and assembly.

50
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Reads

Numbers

Total Raw Reads

115,871,414

Total Clean Reads

103,048,352

Total Clean Nucleotides (nt)

9,274,351,680

Total Contigs
Total Length of Contig

257,490
73,387,555

Avg. Length of Contig (nt)

285

Total Unigenes

141,850

Avg. Length of Unigene (nt)
Total Length of Unigene

523
74,181,833

F IGURE 3.1: Summary of non-transgenic rainbow trout transcriptome
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Sequencing and Assembly of Cecropin P1 Transgenic Rainbow Trout

Messenger RNA isolated from three tissues (the spleen, liver, and kidney) of cecropin P1
transgenic rainbow trout were individually sequenced by Illumina HiSeq 2000. By eliminating
reads of adaptors, reads of unknown nucleotides larger than 10% and reads with low quality bases (base quality < 5) greater than 50%, clean reads were obtained in a tissues specific
manner. Afterwards, the clean reads were mapped to reference database generated from nontransgenic control by the aligning program of short oligonucleotide analysis package: SOAPaligner/SOAP2 [98] with no more than two mismatches allowed to generate tissues specific
unigenes. A sum of 131,671 unigenes was determined, and the overall good qualities of reads
and aligning results were summarized in the Appendix D.
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F IGURE 3.2: Differential gene expression patterns identified in transgenic and nontransgenic fish. The gene expression levels were represented by plotting base 10 logarithm
of RPKM values of non-transgenics (x-axis) against transgenic (y-axis). Red = up-regulated
genes, green = down-regulated genes and blue = no change among transgenic and nontransgenics. (A) Spleen; (B) Liver; (C) Kidney. Thresholds set for all plots: FDR < 0.001
and |log2(RP KM ratio)| > 1
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Determination of Differential Expression Profiles

By calculating the ratio of RPKM of unigenes among transgenic and non-transgenic fish,
the differentially expressed gene profiles were determined with a threshold of two folds been
set. The genes with RPKM ratio greater than two folds (transgenic/non-transgenic > 2 or <
0.5) were considered as significantly up- or down-regulated, respectively, and were defined as
differentially expressed genes (DEGs). As shown in Figure 3.2, there were 1873/1402 genes
in the spleen, 431/622 genes in the liver, and 916/1323 genes in the kidney were determined
as significantly up-/down-regulated. After evaluating RPKM ratio in base two logarithm and
eliminating redundancy by probes annotated with identical geneID, a total of 3275, 2239 and
1053 DEGs were identified in the spleen, kidney and liver, respectively. Additionally, by sorting RPKM ratio, a sum of 82 DEGs are in common among three tissues, 375 DEGs between
the spleen and kidney, 86 DEGs between the spleen and liver, and 108 DEGs between the
kidney and liver were identified (Figure 3.3). Moreover, these 82 DEGs belong to immune
related biological functions, showing consistent or inverse expression patterns among the three
tissues (Figure 3.4), where color gradient denoting relative fold changes of RPKM ratio. To
confirm the gene expression level obtained by RNA-Seq, selected genes covering a wide range
of expression ratios were determined by real-time quantitative reverse transcription poly chain
reaction (RT-qPCR) analysis. By comparing the two independent platforms, a general agreement with an acceptable degree of linear correlation (R2 = 0.81, Figure 3.5) was observed,
which indicating the expression dataset was solid.
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F IGURE 3.3: A global view of RNA-Seq data analysis among three immune competent
tissues of cecropin P1 transgenic rainbow trout. Venn chart shows numbers of differentially
expressed genes (DEGs) determined in each tissue.
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F IGURE 3.4: DEGs in common among three immune competent tissues of cecropin P1
transgenic rainbow trout. Selective list of genes with annotations from the 82 DEGs in common among three tissues. The heat-map denotes the relative folds of expression in each gene,
the degree of expression ratio is represented by |log2(RP KM ratio)| > 1.
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F IGURE 3.5: RT-qPCR analysis of DEGs. Confirmation of RNA-Seq expression level via
real time RT-qPCR assays (n = 36; linear regression with R2 = 0.81).
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Enrichment analysis of biology terms of GO and KEGG pathways
by GeneCodis

To uncover the thematic association of altered gene expression patterns in cecropin P1
transgenic rainbow trout, enrichment analysis by GeneCodis was conducted. GeneCodis was
developed as an over-representation analysis (ORA) approach [96, 97] and could be performed
in either singular or modular enriching biological terms via different databases. The DEGs of
each tissue and the total genes from reference genome were inputted to inquire GO biological
process, GOSlim process and KEGG pathways. The resulting tag clouds of modular analyses displayed the most conspicuous terms shown distinct profiles of enrichment (Figure 3.6).
Afterwards, the statistical significance of terms in each tissue were ranked by hypergeometric
and chi-square methods to discover the highly perturbed biological processes in each tissue
studied. As shown in Figure 3.7, the top 5 most perturbed biological functions in the spleen of
the transgenic fish are cell adhesion, negative regulation of cell proliferation, innate and total
immune response, and cytokine-mediated signaling pathways. In the kidney, functional biological processes found greatly altered include peroxisome proliferator-activated receptor (PPAR)
signaling, cell adhesion, hematopoietic cell lineage, regulation of immune response, and inflammatory response. In the liver, fewer of the biological terms were enriched such as lipid
metabolic process, immune response, and chemokine signaling pathways. As expected, energy
efficiency correlated processes were also impacted in the liver of transgenic fish including PPAR
signaling, starch and sucrose metabolism, and cholesterol metabolic and homeostasis. To reveal a more global view of tissue-specific direct and indirect effects on immune relevant DEGs,
singular enrichment results were also analyzed (the enriched terms were presented in Appendix

Chapter 3

59

E). The ECM-receptor interaction and hematopoietic cell lineage were altered in the kidney
(the enriched terms were presented in Appendix E). Finally, starch and sucrose metabolism,
chemokine signaling, and cytokine-cytokine receptor interaction were influenced in the liver as
well (the enriched terms were presented in Appendix E).

Chapter 3

F IGURE 3.6: Graphic view of Tag cloud of biological terms from modular enrichment
analysis by GeneCodis. The most significant 35 terms acquired from GO:BP and KEGG
database were given for each tissue. The font size of tags indicates the degree of DEGs been
enriched for each biological process.
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Biological terms

Genes (I/R) 1

P-value2

Identifier

Innate immune response (BP)

7/12

2.68E-04

GO: 0045087

Immune response (BP)

19/86

2.87E-04

GO: 0006955

Cell adhesion (BP)

29/198

1.98E-03

GO: 0007155

Negative regulation of cell proliferation (BP)

20/128

7.18E-03

GO: 0008285

Cytokine-mediated signaling pathway (BP)

13/41

5.83E-04

GO: 0019221

Inflammatory response (BP)

6/8

1.55E-05

GO: 0006954

Regulation of immune response (BP)

8/21

8.65E-05

GO: 0050776

Cell adhesion (BP)

6/23

1.97E-03

GO: 0007155

PPAR signaling pathway

7/23

5.63E-04

KEGG: 03320

Hematopoietic cell lineage

5/10

5.99E-04

KEGG: 04640

3/11

5.38E-03

7/86

6.06E-03

GO: 0006955

Chemokine signaling pathway

3/7

3.00E-03

KEGG: 04062

Cholesterol homeostasis (BP)

4/20

3.98E-03

GO: 0042632

Starch and sucrose metabolism

4/25

4.86E-03

KEGG: 00500

Spleen

Kidney

Liver
Cellular lipid metabolic process (BP)
PPAR signaling pathway
Immune response (BP)

GO: 0044255
KEGG: 03320

F IGURE 3.7: Top 5 GO and KEGG terms of each transgenic tissue via modulatory enrichment with GeneCodis. 1 I/R stand for numbers of annotated genes in the input list divided
by numbers of annotated genes in the reference list; 2 The P-values were calculated by hypergeometric analysis and adjusted by false detection rate (FDR) for multiple corrections.
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Analysis of Functional Perturbed Immune Relevant Pathways

The alteration of biological processes in the spleen, liver and kidney of the transgenic rainbow trout were studied by GeneCodis enrichment analysis. To characterize genes contributing
to immune relevant pathways that were affected by cecropin P1 transgene product, and to determine the signaling pathways that has been impacted, the pre-defined unigenes and DEGs from
three tissues were subjected to analysis against KEGG pathways in order to assign their functions within the tissue-specific biological processes. By inputting a sum of 37632 unigenes in
all three tissues (the spleen, liver and kidney), 1286 DEGs in the spleen, 465 DEGs in the liver,
and 936 DEGs in the kidney into the KEGG pathway database, 239, 212 and 235 KEGG pathways were mapped in the spleen, liver and kidney, respectively. By sorting the ratios among
DEGs and all unigenes with pathway annotation (p-value < 0.05), followed by combining to the
tissue-specific functions, the significantly perturbed immune relevant pathways were summarized in Figure 3.8. Via ranking the ratio in the order of statistical significance (Figure 3.8, I/R
ratio), it reveals that out of 735 total annotated unigenes, a sum of 51 DEGs associate to leukocyte trans-endothelial migration, 45/562 to cytokine interaction, 32/493 to Janus kinase (JAK)
to signal transducer and activator of transcription (STAT) signaling, and 40/913 to chemokine
signaling were impacted in the transgenic spleen. Similarly, several DEGs in the pathways
of the complement coagulation cascade, the Toll-like receptor (TLR), the antigen processing
presentation and Fc  RI signaling Fc γ RI-mediated phagocytosis were greatly altered in the
spleen. In the kidney, DEGs in the leukocyte trans-endothelial migration and hematopoietic cell
lineage pathways were impacted (Figure 3.8). By analyzing liver-associated pathways, DEGs
in the pathways of phagosomal activity, fatty acid biosynthesis, and complement coagulation
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cascade were significantly perturbed (Figure 3.8). Interestingly, highly disturbed PPAR signaling pathways were discovered in both liver and kidney, and this result may indicate a major
alteration in regulating energy efficiency occurred in transgenic rainbow trout.
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Pathways

DEGs (I/R)1 P-Values KEGG ID2

Spleen
45/562
40/913

1.52E-07 KO04060
6.69E-03 KO04062

32/493
26/325
29/435
32/290
51/735
29/458
44/809

4.63E-04
6.16E-05
5.47E-05
6.95E-09
1.79E-06
1.22E-03
1.86E-03

KO04630
KO04610
KO04620
KO04612
KO04670
KO04664
KO04666

PPAR signaling
Phagosome
Complement and Coagulation cascade
Fatty acid biosynthesis
Kidney

22/325
31/806
27/325
6/33

1.62E-10
3.43E-08
9.74E-15
2.88E-06

KO03320
KO04145
KO04610
KO00061

PPAR signaling
Hematopoietic cell lineage
Leukocyte trans-epithelial migration

39/325
40/445
28/735

6.13E-16 KO03320
3.65E-12 KO04640
1.82E-02 KO04670

Chemokine and Cytokine JAK-STAT
Complement and Coagulation cascade
Toll-like receptor
Antigen processing and presentation
Leukocyte trans-epithelial migration
Fc e RI signaling and g R-mediated phagocytosis
Liver

F IGURE 3.8: Summary of tissue specific pathway analyses of cecropin P1 transgenic rainbow trout via KEGG database. 1 I/R stands for mapped DEGs in each tissue divided by
total annotated genes in the contributing KEGG pathways. 2 KEGG ID indicates the acknowledgements to the corresponding pathways were modified and sprayed expression data from the
original sources.
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Discussion
Positively charged and amphipathic AMPs, e.g. cecropin P1, have been characterized

for their activities of cytotoxic elimination of bacteria and viruses as their primary function
in host innate immunity [4]. As reviewed by Hilchie et al. [21], AMPs were also found to
have multifaceted immunomodulatory effects in a variety of different hosts. The immunomodulatory activities of these AMPs were found to exert differential expression of cytokines and
chemokines, differentiation of leukocytes, and elevation of damage repairing and so on in animal models [20, 21, 56]. Recently, transgenic rainbow trout bearing cecropin P1 transgene
was produced in our laboratory, and the elevation of resistance to bacterial, viral and parasitic
infections were also demonstrated through repeated challenge studies [34]. Therefore, it is conceivable to use these transgenic fish as experimental animals to address the question whether
cecropin P1 transgene product can modulate host immune system or other genetic traits that
may lead to increasing resistant to microbial infections in the host. In a preliminary cDNA
microarray study conducted Lo et al. [35], they had unveiled that several functional alterations
on the expression of immune related genes have taken place in the spleen, liver, and kidney
of the transgenic fish. However, due to the inherited disadvantages associated with the cDNA
microarray study, as mentioned in the Introduction, a confirmation study via a second experimental approach is required in order to provide a more solid evidence to support our hypothesis,
and thus RNA-Seq analysis was adopted in this study [83].

3.4.1

Spleen: the Major Innate/Adaptive Immune Relevant Organ

Chapter 3

F IGURE 3.9: Pathway analysis of cytokine/chemokine driven JAK-STAT pathway in
transgenic spleen. The RPKM ratio of DEGs from spleen was sprayed to custom-made cytokine and chemokine mediated JAK-STAT pathway. The red and green heat-map denotes
the up- or down-regulation respectively, and the numbers indicate folds change of each DEG.
Eclipses refer to regular gene; dash rectangular boxes stand for kinases; diamonds indicate to
transcription factors; single bundle refer to set AND set; double bundle refer to AND including
sets plus subset. The pathway was customized by combination of KO04060 (cytokine-cytokine
receptor interaction), KO04062 (chemokine signaling pathway) and KO04630 (JAK-STAT signaling pathway) from KEGG database. The down-stream STATs target genes were inquired
from corresponding GO database as well as research conducted by Sakamoto et al. [105].
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The major functions of the spleen in fish had been well reviewed by scientists [73, 101–
104]. Very much alike to other higher vertebrates, the spleen of teleost fish is merged in a
complex of splenic ellipsoids, melanomacrophages centers (MMCs) and lymphoid tissue [101],
this complex filters and traps blood cells, and processes antigens [103]. Other functions of fish
spleen are also known to include immune memories mediated by presenting lymphocytic antigen [104], phagocytosis of macrophages stimulated by complement receptors to C3 signaling
[102], and nave CD4+ T cells differentiating into T helper cells induced by major histocompatibility complex (MHC) [73]. Since spleen plays critical roles in fish immunity, we believe that
one of the major functional perturbations in cecropin P1 transgenic rainbow trout may occur in
the spleen. To address this hypothesis, immune relevant pathways were generated by a custommade visualization tool from Shin et al. [105], and mapped with RPKM ratios of pre-defined
transgenic spleen DEGs. As excepted, significant alterations in the cytokine/chemokine mediated JAK-STAT signaling pathway was observed in the spleen of transgenic rainbow trout
(Figure 3.9). In addition, the heat-map analysis revealed a significant enhancement of cytokine
and chemokine signaling via ligands and receptors binding, and followed by up-regulation of
down-stream JAK kinases and STAT transcription factors. In addition, the STATs target genes
that correlated to different biological processes, namely immune response (GO: 0006955),
response to viruses (GO: 0009615), positive regulation of immune response (GO: 0050778,
GO: 0002684), and JAK-related cytokine signaling (PMID: 27044867), were also shown partially elevated. Such results may indicate that the splenoid lymphocytes may produce more
chemokines and cytokines, and these ligands may provide positive feedback looping regulation
of the proliferation and differentiation of lymphocytes in the spleen, and resulting in an overall enhancement of immune response in transgenic rainbow trout. Additionally, the Toll-like
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receptor signaling was also highly promoted in the spleen of transgenic fish by establishing upregulated Toll-like receptors (tlr1, tlr2, tlr3, tlr7 and tlr8), and the important adaptor protein:
Myd88 (myd88). The expression levels of the down-stream kinases (e.g. tbk1, p38 and pi3k),
transcription factors (irf3, irf7 and stat1), and targeting genes (cd40, cxcl10 and cxcl11) were
all elevated (Appendix F, Figure F.1). The stimulated Toll-like receptor signaling may result in
an enhancing chemotaxis of immune cells and increasing pro-inflammatory effects via Toll-like
to NF-κB pathway. Moreover, complement components of c1q, c4, c3ar1, c5ar1, c6 and c7
were found up-regulated in the complement and coagulatory pathway of the transgenic spleen
(Appendix F, Figure F.2), and may indicate an increasing expression of complement complex in
the transgenic fish. Finally, the surface integrins (itga4 and itgb1) of leukocytes, essential matrix metalloproteinases (mmp2 and mmp9), docking actins (actn1 and actb1), and recognition
receptor: Cxcr4 (cxcr4) were increased their expression levels in leukocyte trans-endothelial
migration pathway (Appendix G, Figure G.1). These findings may suggest that leukocytes
might have higher recognition and adhesion abilities targeting onto epitheliums. The overall
observed perturbation in the spleen by the cecropin P1 transgene product strongly support our
hypothesis that enhancement of the spleen function leads to acceleration of innate/adaptive
immune responses in cecropin P1 transgenic rainbow trout.

3.4.2

Kidney: the Major Hematopoiesis Relevant Organ

While in the absence of bone marrow, the anterior kidney of teleost fish plays an equivalent role of hematopoiesis as bone marrow in higher vertebrates. For instance, B-lymphocytes
are produced in fish kidney, as well as myeloid lineage cells (e.g. monocytes, macrophages,
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and granulocytes) [106, 107]. In the current study, three important functional perturbations
were observed in the kidney of the transgenic rainbow trout, and the spraying RPKM ratios of
DEGs to custom-made pathways for detail evaluation were performed as well. For the kidney,
the gene expression profiles of 1) hematopoietic cell lineage, 2) leukocyte trans-endothelial
migration, and 3) PPAR signaling pathways were obviously altered. In the hematopoietic cell
lineage, the expression of many lymphocytic associated surface antigen genes was down regulated. For example, down regulation of the expression cd2/cd3 (pro-T cell) and cd8 (T cell)
genes was observed. In addition, the expression of cd9/cd22 (pre/pro-B cell), cd37 (immature
B cell), igM/igD (B cell), cd11b/cd13 (pro-monocyte) and cd115 (monocyte) genes was downregulated as well. By combining the finding of cDNA microarray analysis conducted by Lo et
al. [35] and the results of the current study, a suppressed translational machinery is suggested
and further reduced lymphocytic proliferation and differentiation may be inferred in transgenic
kidney. However, enhancement of maturation and activation of lymphocytes were observed in
transgenic spleen (see discussed in the spleen section), so the results from the kidney could
be counter balanced by the spleen effects, and to a homeostasis of lymphocytic function been
maintained in the transgenic rainbow trout. In contrast to spleen, kidney was demonstrated
a suppressed leukocyte trans-endothelial migration in transgenic rainbow trout. Namely, surface integrins (iga4 and itgb7), recognition antigens (cd11a and cd11b), and docking actins
(actg1 and actn1) were down-regulated in the transgenic kidney (Appendix G, Figure G.2). In
short, the lacking of surface antigens of lymphocytes and leukocytes may be the result from
decreasing production of blood cells in the early stages of hematopoietic lineage in the transgenic kidney. Finally, the PPAR signaling pathway was significantly promoted in the transgenic
kidney (Appendix G, Figure G.3), and the overall effects of enhancing PPAR signaling will be
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discussed in the liver section.

3.4.3

Liver: the Major Energy Efficiency Relevant Organ

As reviewed by Jenne et al. [108], liver was identified as one of the most important immune relevant organs in mammals. Similar to mammals, fish liver also play critical roles in
their immunity [109]. Additionally, liver is responsible for many energy metabolism processes
as well, including metabolic protein synthesis, degradation, and fatty acids (FA) biosynthesis
[109]. According to Bransden et al. [110], salmonid immunity was highly correlated to the
alteration of their FA compositions. In addition, interrupting fish energy efficiency via starvation [111] or treating fish with additional fatty acids [112] could change the innate and adaptive
immune responses in Atlantic salmon. In the study by Lo et al. [35], DEGs contributing to
energy metabolism pathways were observed in the transgenic liver, and they suggested that it
might indirectly affect fish immunity. Here, our RNA-Seq results confirmed the findings of
Lo et al. [35] that pathways of PPAR signaling and FA biosynthesis were greatly perturbed
in the transgenic liver. For PPAR signaling (Appendix F, Figure F.3), FA transport protein
(slc27a1) and binding protein (fabp1) were both up-regulated. Moreover, the expression levels of target genes that are responsible for lipid transportation (pltp and apoa1), FA oxidation
(acadm), and adipocyte differentiation (acdc and angptl4) were elevated as well. Very interestingly, the PPAR signaling was also perturbed in the transgenic kidney (Appendix G, Figure
G3.): slc27a1, fabp1, acdc, angptl4 and acadm were consistently up-regulated in both the liver
and kidney. Although some of the DEGs involving in the PPAR signaling are down-regulated,
the up-regulated DEGs suggest an overall elevation of lipid metabolism in both the transgenic
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liver and kidney, and, therefore, an enhancing lipid energy metabolism may be expected in
the transgenic fish. Another interesting functional perturbation revealed in the transgenic liver
is the promotion of phagosomal and lysosomal activity. The collectin (colec11) and C-lectin
receptors (cd206 and cd209) were stimulated as well as MHC-I, and genes correlated to lysosomal activity were also perturbed such as rilp, lamp, and ctsl (Appendix G, Figure G.4). These
results may indicate an increasing endoplasmic reticulum mediated phagocytosis, which play
an essential role in lysosomal elimination of pathogens, in the transgenic liver.
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An Immune Relevant Pathway-Focused
RT-qPCR Array Study in Rainbow Trout
(Oncorhynchus mykiss) Harboring
Cecropin P1 Transgene

4.1

Introduction
Outbreak of fish diseases as the consequence of infection by microbial pathogens causes

serious financial losses in the aquaculture industry worldwide annually [66, 113, 114]. In the
past decades, approaches, such as development of vaccines, treatment of diseased fish with
chemicals or antibiotics, and selection of fish strains with resistant characteristic to infectious
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pathogens by traditional method of cross-breeding have been applied to control fish diseases
with significant success. While several effective vaccines have been developed in recent years
for some important fish pathogens, the current vaccination practice is labor intensive and high
economic cost [115, 116]. Although controlling fish diseases via utilizing antibiotics is effective, the appearance of increasing number of antibiotic resistant pathogenic microorganisms in
the aquatic environment has challenged the effectiveness of this approach [117]. Furthermore,
the number of antibiotics approved for treating diseased fish caused by bacterial pathogens is
rather limited [118]. In addition, genetic selection of fish strains with resistant characteristic
to bacterial infection, based on traditional cross-breeding techniques, is time consuming and
the result is frequently unpredictable or disappointing due to lacking the desired genetic traits
[115]. Therefore, developing effective techniques to control fish diseases are still in great demand. Since fish rely heavily on innate immune system to protect themselves from microbial
infection [92], effective manipulation of the fish innate immune system may provide an opportunity to protect fish from contracting diseases caused by microbial pathogens.
Cecropin B, first discovered in the hemolymph of diapausing cecropia (Hyalophora cecropia) pupae following inoculation with bacterial debris, is one of the antimicrobial peptide
family member proteins playing an essential role in the innate immunity of insects [36]. Since
then, many cecropin-like AMPs have been identified and characterized in a wide variety of organisms ranging from nematode [43] to invertebrates, vertebrates [119] and plants [120]. Due
to the unique structural features of cecropins and cecropin-like peptides, these 31 to 39 amino
acid-residue amphipathic peptides can be readily incorporated into the plasma membrane of
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many pathogenic microorganisms, and result in the formation of pores on the plasma membrane of the pathogenic microorganisms leading to inevitable lysis of cells [121]. Genes (cDNAs and their genomic sequences) encoding cecropins and cecropin-like peptides have been
cloned from insects [39, 122], nematode [43], shrimp [123, 124], and vertebrates [125]. By
transgenic technologies, these cDNAs have been used to produce transgenic plants [126–129]
exhibiting increased resistant characteristic to infection by bacterial or fungal pathogens. Cecropin P1, identified in nematode inhabiting in the pig small intestine, is known to be more
potent against Gram-negative bacteria than Gram-positive bacteria [7], and, therefore, was chosen as a transgene for production of disease resistant rainbow trout by Chiou et al. [34] in our
laboratory. By utilizing the sperm-mediated gene transfer method, five families of transgenic
rainbow trout bearing cecropin P1 transgene were produced. Moreover, through repeated challenge studies, cecropin P1 transgenic rainbow trout (F2 and F3 generations) exhibited resistant
characteristic to infection by Aeromonas salmonicida, infectious hematopoietic necrosis virus
(IHNV) and, Ceratomyxa shasta (a trout parasitic pathogen) [34, 94].
Via a series of in vitro studies, Chiou et al. [57] revealed that cecropin B and a synthetic cecropin analogue (CF17) expressed inhibitory effect on the propagation of important
fish viruses such as infectious hematopoietic necrosis virus (IHNV), viral hemorrhagic septicemia virus (VHSV), snakehead rhabdovirus (SHRV), and pancreatic necrosis virus (IPNV).
Furthermore, by in vitro treating RTS-11 cells (a macrophage cell line of rainbow trout) with
cecropin B, fish pleurocidin and CF17, Chiou et al. [57] observed an enhancement on the expression of two pro-inflammatory related genes, i.e. interleukin-1β (il1β) and cycloxygenase-2
(cox2). By combining these observations with the results of studies that cecropin P1 transgenic
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rainbow trout manifested elevated resistance to infection by Aeromonas salmonicida, IHNV
and Ceratomyxa shasta [34, 66], we hypothesized that transgene product of cecropin P1 not
only kills fish pathogens directly but also stimulated the host innate/adaptive immunity through
its immunomodulatory activity, to account for the increased resistance to infection by pathogens
in the transgenic fish. To address this hypothesis, the techniques of cDNA microarray analysis
[35] and mRNA deep sequencing (RNA-Seq) [130] were employed to analyze RNA samples
isolated from the spleen, liver and kidney of two ccecropin P1 transgenic fish families and one
non-transgenic control. In the cDNA microarray analysis conducted on a 44k custom-made
salmonid chip [65], tissue specific immune relevant differentially expressed genes (DEGs) were
identified in the transgenic spleen, liver and kidney, and direct functional perturbations were
also observed in pathways, e.g. lysosomal phagocytosis, complement cascade, antigen processing and leukocyte migration in the spleen; leukocyte migration and translational machinery
in the kidney [35]. In addition, disturbance of indirect effects to host immunity pathways
were observed as well, such as extracellular matrix (ECM) organization in the kidney and lipid
metabolic process in the liver [35]. Results of cDNA microarray analysis were confirmed by the
RNA-Seq analysis of Han et al. [130]. For instance, immune relevant pathways of chemokine
and cytokine signaling, complement cascade, Toll-like receptor, leukocyte migration and the
high affinity IgE receptor (Fc  RI) signaling and IgG receptor (Fc γ RI)-mediated phagocytosis were significantly perturbed in the transgenic spleen; peroxisome proliferator-mediated
receptor (PPAR) signaling, hematopoietic cell lineage and leukocyte migration in the kidney;
PPAR signaling, fatty acid biosynthesis, phagosomal activity and complement cascade in the
liver. Unfortunately, cDNA microarray and RNA-Seq analyses were only conducted in two of
the five transgenic families, and there are three remaining families of transgenic fish exhibiting
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consistent elevation of disease resistance awaiting to be analyzed. To complete the analyses of
these families via cDNA microarray and RNA-Seq, a substantial financial resource and time
will be required. Alternatively, the three families of fish could be analyzed by the technique
of reverse transcription real time quantitative poly chain reaction (RT-qPCR) array built on the
pre-defined DEGs from the results of RNA-Seq analysis [130].
Traditionally, RT-qPCR is a method of preference widely used to measure levels of gene
expression due to its high sensitivity and reliability [88]. By combining the performance of
RT-qPCR with the gene profiling capability of microarray, RT-qPCR array was developed as a
highly reliable and sensitive gene expression profiling technology for analyzing focused panels
of genes in signal transduction, biological processes, microRNAs and disease research [88,
89, 131–133]. In comparison of the technologies of cDNA microarray and RNA-Seq, the RTqPCR array is far more financial and time saving. Using the data of Lo et al. [35] and Han
et al. [130], we have designed a custom-made pathway-focused RT-qPCR array for analysis
of gene expression profiles in the spleen, liver and kidney of the remaining three families of
cecropin P1 transgenic rainbow trout. Here we report the results of the study. By comparing the
results of RT-qPCR obtained from analyzing the remaining three transgenic fish families with
those of the cDNA microarray and the mRNA-Seq analysis, the profiling of DEGs in immune
relevant pathways of the spleen and kidney, and the energy metabolism correlated pathways of
the liver are statistically consistent. Since three families of cecropin P1 transgenic fish shown
high consistency in both disease resistance characteristic and DEG expression profiles, results
reported in the current study support our hypothesis and the developed RT-qPCR array platform
may serve as a preferred method to fast screening of disease resistant fish strains.
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Special Materials and Methods

4.2.1

RT-qPCR Array

The PCR array layouts were designed by modifying the standard RT2 profiler layout described by Arikawa et al. [88]. Each 96-well plate contained control wells containing two
housekeeping genes (gapdh and actb), one non-template control (NTC), one non-reverse transcription control (NRC), one negative control, three serial dilutions of gapdh (1x to 10x to 100x
to 1000x) and test genes. The PCR array reaction was carried out in a final volume of 20 µL
containing 1 µL of each synthesized cDNA, 1 µL of gene specific primers (stock concentration
10 µM) (Appendix C), 10 µL of 2x SsoFast EvaGreen Supermix (172-5201, Bio-Rad) and fluorescein (170-8780, Bio-Rad) to final concentration of 0.01 µM. The reaction was conducted in
the C1000 thermal cycler/CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA).
The amplification program consisted of initial denaturing for 2 minutes at 98 o C, followed by
40 cycles of 5 seconds at 98 o C and 30 seconds at 59 o C for annealing and synthesis. For quality
control of the amplified products, a melting curve, 65 o C to 95 o C with 0.5 o C increments every
5 seconds, was performed after each amplification. Finally, the threshold cycle (Ct) values were
collected by using the CFX manager software (Bio-Rad) and analyzed by the standard method
[93] of 2−∆∆C t as described below.
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Analysis of Real-Time PCR Array Data

Each array contained two separate housekeeping genes (gapdh and actb) that were used
to normalize each sample data point. Normalization was performed by computing differential
threshold cycle (∆Ct) of gene of interests (GOI) and housekeeping gene (HKG), ∆Ct = Ct of
GOI - Ct of HKG. According to the methodology of Livak et al. [93], the commonly agreed
method of ∆∆Ct was, then, calculated. By averaging triplicates (biological) normalized expression levels (∆Ct) for each DEG, difference (∆∆Ct) between control group (non-transgenic
tissues) and experimental group (transgenic tissues) was determined. Afterwards, the Students
t-test was performed by two-tail distribution and assuming equal variances to two samples in
between two data sets based on the triplicate ∆Ct values for each DEG in the transgenic group
compared to non-transgenic group, and p-values were collected. Finally, the fold change of
each DEGs was defined as 2−∆∆C t .

4.3

Results

4.3.1

Construction of Custom-layout RT-qPCR Array

In order to analyze the expression pattern of immune relevant genes in the transgenic fish,
tissue samples of three immune competent organs, i.e. the spleen, liver and kidney, were harvested from three families (F231, F509 and F695) of cecropin P1 transgenic rainbow trout and
one family of non-transgenic fish (serving as control) of one year of age with the same gender.
Within each family, pool samples from three individuals into one batch, and triplicate batches
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of samples were obtained and assayed on the designed RT-qPCR array. The layout of the RTqPCR array was modified from that of Arikawa et al. [88], containing housekeeping genes
(gapdh and actb) as normalizer, non-template control (NTC), non-reverse transcription control (NRC), negative control, three serial dilutions of gapdh (1x to 10x to 100x to 1000x) and
the pre-defined DEGs which significantly perturbed and highly correlated to specific immune
functions in each tissue of the transgenic fish. In the transgenic spleen, DEGs of the chemokine
and cytokine mediated JAK-STATs signaling pathway (cxcl11/12, ccr8/9, cxcr3/4, il6st, il21r,
stat1/6, irf7 and c4), and the Toll-like receptor pathway (tlr2/3/7, cxcl11, myd88, irf3/irf7 and
cd40) are incorporated in the construction of the RT-qPCR array. In addition, DEGs relevant to
pathways of complement cascade (i.e. c4/6/7 and mbl2), antigen processing/presentation (i.e.
mhc1/2, b2m, hspa4/5, calr and cd4), lysosomal phagocytosis activity (i.e. ctsb, ctsl and lamp2)
and leukocyte trans-endothelial migration (i.e. cxcl12, itgb1/7, itga4, cxcr4 and mmp9) are also
included in the array layout. In the transgenic kidney, DEGs related to pathways of extracellular matrix (ECM) organization (i.e. itgb1, fn1 and lamb2) and leukocyte trans-endothelial
migration pathway (i.e. itgb1/7, itga4, cxcl12 and mmp9) are included in the array layout. For
the transgenic liver, DEGs which directly or indirectly affect the immune response are included
in the RT-qPCR array. These are lysosomal activity related DEGs (i.e. ctss, ctsd and lamp2),
PPAR/lipid metabolism processes relevant DEGs (i.e. slc27a2, fabp1, ppara, rxrg, cyp27a1,
pltp and c1qc), and arachidonic acid metabolism regulatory DEGs (i.e. cyp2j2, pla2g10 and
pla2g12b). The experimental details of tissue preparation, RNA isolation and purification,
cDNA synthesis and conditions of qPCR amplification are described in Chapter II.
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Pathway

Symbol

Description

Chemokine/Cytokine JAK-STAT Signaling

ccr8

Toll-like Receptor Signaling

Complement & Coagulatory Cascade

Antigen Processing & Presentation

Lysosome & Phagocytosis

Leukocyte transendothelial migration

Fold Change
F231

F509

F695

T-test P-value

RefSeq

C-C motif chemokine receptor type 8

0.6100

1.0832

1.0060

6.1677E-08

XM_021613380.1

ccr9

C-C motif chemokine receptor type 9

1.9660

1.7083

2.1112

1.2626E-04

XM_021590079.1

cxcr3

C-X-C motif chemokine receptor type 3

1.2559

2.2475

2.5244

8.6467E-06

NM_001124625.1
NM_001165293.1

cxcr4

C-X-C motif chemokine receptor type 4

1.2042

1.7062

1.0258

6.6199E-05

cxcl11

C-X-C chemokine ligand 11

1.5403

2.1205

1.9870

2.3759E-04

XM_021622222.1

cxcl12

C-X-C chemokine ligand 12

1.0628

1.6740

1.3761

2.7565E-07

XM_014180105.1

il6st

Interleukin 6 signal transducer

1.1547

1.5743

1.9282

2.9469E-06

NM_001281326.1

il21r

Interleukin 21 receptor

1.2061

1.4204

1.0628

2.1979E-05

NM_001124623.1

stat1

Signal transducer and activator of transcription 1

2.6121

1.5504

1.9020

1.1918E-05

NM_001141285.1

stat6

Signal transducer and activator of transcription 6

1.0784

1.1782

1.3182

4.3773E-05

XM_021565805.1

irf7

Interferon regulatory factor 7

0.1985

0.1805

0.2479

5.2917E-04

NM_001136548.1
XM_021582384.1

c4

Complement component 4

1.1773

1.5552

1.4550

3.6257E-06

tlr2

Toll-like receptor 2

1.4287

1.3933

1.8450

5.0016E-08

XM_021578334.1

tlr3

Toll-like receptor 3

1.1872

1.8848

1.0097

2.4358E-06

NM_001124578.1

tlr7

Toll-like receptor 7

1.2759

1.1821

1.3376

3.8518E-06

XM_021598013.1

myd88

Myeloid differentiation primary response protein

1.1571

1.3154

1.2672

5.7986E-06

NM_001136545.1

irf3

Interferon regulatory factor 3

1.3560

1.6239

2.1789

2.5965E-05

NM_001257262.1

irf7

Interferon regulatory factor 7

0.1985

0.1805

0.2479

5.2917E-04

NM_001136548.1

cxcl11

C-X-C chemokine ligand 11

1.5403

2.1205

1.9870

2.3759E-04

XM_021622222.1

cd40

Tumor necrosis factor receptor superfamily member 5

0.3696

0.5940

0.5425

8.5599E-05

NM_001124378.1

c4

Complement component 4

1.1773

1.5552

1.4550

3.6257E-06

XM_021582384.1

c6

Complement component 6

1.0510

1.5918

1.1508

4.6264E-04

NM_001124621.1
NM_001124618.1

c7

Complement component 7

1.2403

1.1876

1.0783

9.6032E-07

mbl2

mannose-binding lectin 2

1.0694

1.4652

1.0699

8.0408E-04

NM_001160481

hspa4

Heat shock 70 kDa protein 4

1.0409

1.1270

1.4332

1.5816E-06

XM_021624134.1

hspa5

Heat shock 70 kDa protein 5

1.1198

1.7713

1.6031

7.0413E-04

XM_021590926.1

calr

Calreticulin

1.0674

1.6661

1.6654

1.9546E-06

NM_001124478.1

cd4

CD4 antigen (P55)

1.1913

1.3900

1.1808

7.2745E-06

NM_001124539.1

mhc1

Major Histocompatibility Complex, Class I

0.2329

0.4262

0.4912

7.1688E-05

XM_021586736.1

mhc2

Major Histocompatibility Complex, Class II

0.2714

0.2207

0.2852

3.6517E-05

XM_014137042.1

b2m

Beta-2-Microglobulin

1.5315

1.5806

2.3541

6.6449E-06

XM_021565716.1

ctsb

Cathepsin B

1.4278

1.3981

1.1651

3.6093E-07

NM_001124304.1

ctsl

Cathepsin L

1.4263

2.0560

1.9010

2.7185E-03

NM_001124305.1

lamp2

Lysosome-associated membrane glycoprotein 2

1.0106

1.6524

1.4761

4.0639E-05

XM_021561467.1

itgb1

Integrin beta 1

1.0379

1.3206

1.2412

1.0649E-04

XM_021620604.1

itgb7

Integrin beta 7

1.3235

2.1969

2.6843

2.7178E-02

XM_021616851.1

itga4

Integrin alpha 4

1.1329

1.2255

1.3670

8.3710E-07

XM_021597547.1

cxcl12

C-X-C chemokine ligand 12

1.0628

1.6740

1.3761

2.7565E-07

XM_014180105.1

mmp9

Matrix Metallopeptidase 9

1.5163

3.5219

2.0755

2.2447E-06

XM_021567121.1

F IGURE 4.1: Expression profiling of DEGs relevant to immune pathways in the spleen
of cecropin P1 transgenic rainbow trout. The DEGs of the transgenic spleen considered
significant (t-test p-value < 0.05) are shown. Fold changes are defined as 2−∆∆C t . Heat
map is defined as red, 2−∆∆C t > 1, = up-regulated; green, 2−∆∆C t < 1, = down-regulated.
RefSeq is the mRNA from NCBI reference sequence database correlated to the analyzed DEGs.
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Profiling of Differentially Expressed Genes of Immune Relevant Pathways in the Transgenic Spleen

Results of differential expression levels of immune relevant pathways in the spleen of
transgenic fish families (F231, F509 and F695) determined by RT-qPCR array assay are summarized in Figure 4.1. As shown in Figure 4.2A, the expression of genes relevant to ligandreceptor binding leading to the chemokine/cytokine JAK-STAT signaling pathway, is consistently up-regulated in all of the three families; these genes include ccr9, cxcr3, cxcr4, cxcl11,
cxcl12, il6st and il21r (Figure 4.2A). Although the expression of STAT transcription factors
(stat1 and stat6) and the target gene (c4) of STAT1 are increased, another target gene (irf7)
of STAT1 is significantly decreased. While the expression of ccr8 showed suppression in the
fish family F231, increased expression is illustrated in fish families of F509 and F695. In the
pathway of the Toll-like receptor signaling, the expression of three different Toll-like receptors
(tlr2, tlr3 and tlr7), an important adaptor (myd88), an interferon regulatory factor (irf3) and
its target gene (cxcl11) are all up-regulated among three families (Figure 4.2B). However, the
expression of irf7 and the IRF3 target gene of tnfrsf5 (cd40) are suppressed. In the complement
coagulated cascade pathway, consistent elevation of expression levels is observed in the genes
of the binding ligand (mbl) and three complement components (c4, c6 and c7) (Figure 4.2C).
In the antigen processing presentation pathway (Figure 4.2D), the RT-qPCR array data showed
elevation of expression levels in hspa4, hspa5, cd4, calr and b2m, but a down-regulation of
two major histocompatibility complex (MHC) genes, i.e. mhc1 and mhc2 were observed. In
addition, genes of cathepsin B and L (ctsb and ctsl) and the essential membrane glycoprotein
(lamp2) in the lysosome/phagocytosis pathway were consistently up-regulated (Fig. 4.2E). In
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the leukocyte trans-endothelial migration pathway, three important integrin (itgb1, itgb7 and
itga4) genes and adhesion ligand (cxcl12) gene were significantly stimulated, as well as the
critical gene of collagenase (mmp9) (Figure 4.2F).
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F IGURE 4.2: Differential expression profiles in spleen of transgenic rainbow trout harboring cecropin P1 transgene. A-F. Functional groups of genes involved in innate/adaptive
immune pathways that are significantly (p < 0.05) differentially expressed level. (A) DEGs
correlated to chemokine and cytokine stimulated JAK-STAT signaling pathway. (B) DEGs
correlated to Toll-like receptor signaling pathway. (C) DEGs related to complement cascade.
(D) DEGs associated to antigen processing and presentation activities. (E) DEGs involved in
lysosomal phagocytosis processes. (F) DEGs relevant to leukocyte trans-endothelial migration
pathway. All data are shown in fold changes to mRNA expression defined as 2−∆∆C t .
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Profiling of Differentially Expressed Genes of Immune Relevant Pathways in the Transgenic Kidney

Results of expression levels of DEGs of the immune relevant pathways in the kidney of
three transgenic fish families determined in the RT-qPCR array analysis are summarized in
Figure 4.3. Statistical significant (p < 0.05) alteration in levels of expression among immune
relevant genes, tested in this tissue, were observed in all three fish families. While mRNA levels of the key integrin genes (itgb1, itgb7 and itga4) and the binding ligand gene (cxcl12) in
the leukocyte trans-endothelial migration pathway were drastically elevated (Figure 4.4A), and
collagenase gene (mmp9) was also up-regulated, suppression of fibronectin (fn1) and laminin
(lamb2) mRNAs, which are both regulating the ECM organization, were observed in the transgenic kidney among three families (Figure 4.4B).
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Pathway
Leukocyte transendothelial migration

ECM organization

Fold Change
F231 F509 F695

Symbol

Description

P-value

RefSeq

cxcl12

C-X-C chemokine ligand 12

0.7423

0.2325

0.4152

3.7219E-02

XM_014180105.1

itgb1

Integrin beta 1

0.1544

0.0908

0.0589

2.6795E-04

XM_021620604.1

itgb7

Integrin beta 7

0.8937

0.2801

0.8198

1.2196E-02

XM_021616851.1

itga4

Integrin alpha 4

0.4146

0.2656

0.3655

1.1663E-04

XM_021597547.1

mmp9

Matrix Metallopeptidase 9

0.3555

0.7446

0.5178

1.0203E-04

XM_021567121.1

fn1

Fibronectin 1

0.3036

0.2272

0.2107

6.9399E-05

XM_021608384.1

lamb2

Laminin, beta 2

0.1390

0.2955

0.5735

3.0488E-03

XM_014145941.1

F IGURE 4.3: Expression profiling of DEGs relevant to immune pathways in the kidney
of cecropin P1 transgenic rainbow trout. The DEGs of the transgenic kidney considered
significant (t-test p-value < 0.05) are shown. Fold changes are defined as 2−∆∆C t . Heat
map is defined as red, 2−∆∆C t > 1, = up-regulated; green, 2−∆∆C t < 1, = down-regulated.
RefSeq is the mRNA from NCBI reference sequence database correlated to the analyzed DEGs.
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F IGURE 4.4: Differential expression profiles in kidney of transgenic rainbow trout bearing
cecropin P1 transgene. A, B. Functional groups of genes involved in innate/adaptive immune
pathways that are significantly (p < 0.05) down-regulated. (A) DEGs correlated to leukocyte
trans-endothelial migration pathway. (B) DEGs involved in ECM organization pathway. All
data are shown in fold changes to mRNA expression defined as 2−∆∆C t .
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Profiling of Differentially Expressed Genes of Immune Relevant Pathways in the Transgenic Liver

Figure 4.5 summarizes the results of RT-qPCR array analysis of genes directly and indirectly related to immune relevant pathways in the transgenic liver, and the results show that levels of several differentially expressed genes were statistically significant (t-test p-value < 0.05)
or borderline significant (t-test p-value ≈ 0.1), by comparing to the control non-transgenic fish
liver. As shown in Figure 4.6A, the expression of the important membrane transporter/isozyme
gene (slc27a2) and phospholipid transfer protein (pltp) genes in the PPAR signaling and lipid
metabolic process pathways were differentially enhanced among the three transgenic fish families. In contrast, the mRNA levels of the signaling receptor genes, (ppara and rxrg), and
their down-stream target gene (cyp27a1) in the transgenic liver were suppressed. Interestingly,
while the mRNA levels of the fatty-acid binding protein gene (fabp1) were up-regulated (T-test
p-value ≈ 0.1, considered as borderline up-regulation) in the transgenic fish families of F509
and F695, the level of this mRNA was down-regulated in the family of F231. The DEGs related
to arachidonic acid metabolism pathway were down-regulated, including cyp2j2 and pla2g12b
(Figure 4.6B). Finally, genes of cathepsin D and S (ctsd and ctss) in lysosome/phagocytosis
pathway were consistently suppressed in all three transgenic families (Figure 4.6C). Interestingly, the expression of the membrane glycoprotein gene (lamp2) is enhanced in transgenic fish
families F231 and F695, however it was suppressed in the family F509.
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Pathway
PPAR & lipid metabolic process

Arachidonic acid metabolism

Lysosome & Phagocytosis

Symbol

Description

slc27a1

Fold Change
F231

F509

F695

P-value

RefSeq

Very long-chain acyl-CoA synthetase

2.4773

1.3840

1.5284

2.7817E-03

XM_021596400.1

fabp1

Fatty Acid-Binding Protein 1

0.0436

1.2833

1.2522

1.0066E-01

XM_021590970.1

ppara

peroxisome proliferator-activated receptor alpha

0.7545

0.5929

0.5854

3.2628E-04

NM_001197211.1

rxrg

retinoid X receptor

0.4335

0.3488

0.6557

2.5521E-02

XM_021589724.1

cyp27a1

Cytochrome P450 27, mitochondrial precursor

0.8227

0.7354

0.6983

2.2375E-05

XM_021596960.1

pltp

phospholipid transfer protein

1.2889

1.0320

2.8492

2.2628E-05

XM_021611178.1

cyp2j2

cytochrome P450 family 2 subfamily J member 2

0.7188

0.5885

0.6860

7.1787E-05

XM_021599626.1

pla2g12b

Group 12B secretory phospholipase A2-like protein

0.6527

0.4150

0.4774

4.8536E-03

XM_021568044.1

ctsd

Cathepsin D

0.9241

0.7791

0.8678

3.3367E-03

XM_021557499.1

ctss

Cathepsin S

0.6331

0.6434

0.8894

8.7113E-03

NM_001123629.1

lamp2

Lysosome-associated membrane glycoprotein 2

1.3954

0.7840

1.1711

1.3808E-03

XM_021561467.1

F IGURE 4.5: Expression profiling of DEGs relevant to immune pathways in the liver of cecropin P1 transgenic rainbow trout. The DEGs of the transgenic liver considered significant
(t-test p-value < 0.05 or p-value ≈ 0.1) are shown. Fold changes are defined as 2−∆∆C t . Heat
map is defined as red, 2−∆∆C t > 1, = up-regulated; green, 2−∆∆C t < 1, = down-regulated.
RefSeq is the mRNA from NCBI reference sequence database correlated to the analyzed DEGs.
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F IGURE 4.6: Differential expression profiles in liver of transgenic rainbow trout bearing
cecropin P1 transgene. A-C. Functional groups of genes involved in innate/adaptive immune
pathways that are significantly (p < 0.05) or borderline significant (*p ≈ 0.1) differentially
expressed level. (A) DEGs correlated to PPAR and lipid metabolism pathway. (B) DEGs
related to arachidonic acid metabolism pathway. (C) DEGs involved in lysosomal phagocytosis
processes. All data are shown in fold changes to mRNA expression defined as 2−∆∆C t .
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Discussion
While the major function of cationic AMPs (e.g. cecropin P1), which directly eliminate

bacteria and viruses through the cytotoxic activity, has been well studied [7, 21], evidence is
also available showing the immunomodulatory effects of AMPs via altering the expression of
immune relevant genes in the host [21, 56]. For example, Hilchie et al. reported that cationic
AMPs may cause functional perturbations of chemoattraction, cytokine production and cell
differentiation in monocytes and/or macrophages through altering corresponding transcription
factors, e.g. SP-1, AP-1/2, NF-κB etc. [21]. Similar effects of AMPs that innate defenseregulator peptide (IDR-1) stimulating the level of monocyte chemokines while suppressing
pro-inflammatory cytokine responses were reported by Scott et al. [20] in mouse model. Previously, Chiou et al. [34] reported the production of five families of cecropin P1 transgenic
rainbow trout, and through repeated challenge studies on F2 and F3 transgenic fish they reported that these fish exerted elevation of resistance to infection by bacterial, viral and parasitic
pathogens [34, 94]. Through analyzing two families of the disease resistant transgenic fish via
two genomics approaches, i.e. cDNA microarray and RNA-Seq, they showed independently
that genes in the immune relevant pathways of chemokine and cytokine signaling, complement
cascade, Toll-like receptor, leukocyte migration, and the high affinity IgE receptor (Fc  RI)
signaling and IgG receptor (Fc γ RI)-mediated phagocytosis in the transgenic spleen; genes of
PPAR signaling, hematopoietic cell lineage and leukocyte migration in the kidney, and PPAR
signaling, fatty acid biosynthesis, phagosomal activity and complement cascade in the liver
were significantly perturbed. These results support the hypothesis that cecropin P1 transgene
product may not only directly kill pathogens, but also modulate host innate/adaptive immunity.
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Via challenge studies, Chiou et al. [34] showed that all five families of cecropin P1 transgenic
fish exhibited similar extent of resistance to infection by microbial pathogens. It would be of
great interest to assess whether all families of the transgenic fish exert the same immunomodulatory effect. For economical utilization of financial resource and time, a RT-qPCR array was
constructed with pre-defined immune relevant DEGs [130] for the analysis of the remaining
three transgenic fish families (F231, F509 and F695). Similar patterns of expression of immune relevant DEGs were observed in the spleen, kidney and liver of these transgenic fish
families. Here, we discuss the consistency among families and compatibility between research
platforms to illustrate the correlations with disease resistant feature of the transgenic fish.

4.4.1

Spleen: the Primary Innate and Adaptive Immune Competent Tissue

As reviewed by Zapata et al. [103] and Uribe et al. [101], the spleen plays an essential role
in both innate and adaptive immunity in teleost fish. As reported recently that the spleen of the
cecropin P1 transgenic rainbow trout exhibited enhanced JAK-STAT signaling pathway, which
may cause enhancing productions of down-stream chemokines and cytokines [130]. Moreover,
since it is known that the spleen forms complexes of splenic ellipsoids, melanomacrophages
centers (MMCs) and lymphoid tissue in teleost fish [101, 103, 104], the enhanced productions
of chemokines and cytokines may suggest a positively feedback regulation of the proliferation
and differentiation of lymphocytes in the transgenic spleen, and resulting in an overall enhancement of immune response in the transgenic rainbow trout. In the current study, the enhancement
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of JAK-STAT signaling effect was confirmed in all three families of the transgenic fish. Except for ccr8, all genes (ccr9, cxcr3, cxcr4, cxcl11 and cxcl12) involved in receiving signal
of chemokines, and genes (il6st and il21r) related to cytokine signaling were consistently upregulated in the transgenic spleen. Levels of mRNA of the down-stream transcription factors
(stat1 and stat6) and their target genes (irf7 and c4) were also significantly altered.
The Toll-like receptor signaling is known to contribute to defense against invading microbial pathogens [134], and very interestingly, we observed an overall up-regulation of genes
in the Toll-like receptor signaling pathway in the RNA-Seq analysis [130]. Here, a constant
increase of expression levels of Toll-like receptor genes (tlr2, tlr3 and tlr7) and their adaptor
protein gene (myd88) were observed in RT-qPCR array analysis. The down-stream transcription
factor gene, irf3, and its target gene cxcl11 were up-regulated while the transcription factor gene
(irf7) and IRF3 target gene (tnfrsf5/cd40) were suppressed. Since the irf7 and tnfrsf5 (cd40)
are known to be cross-regulated by other signaling pathways, i.e. retinoic acid-inducible gene I
(RIG-I)-like receptors (RLRs) for irf7 [135] and Il-4/Tgf-β for cd40 [136], the Toll-like receptor signaling pathways were still considered stimulated in all of the three families of cecropin
P1 transgenic rainbow trout. In the early studies conducted by Sakai et al. [137] in salmonid,
complement components mediated opsonization and phagocytosis were found to be essential
in fish immune response. Later, complement activities, which were implicated in the inactivation of lethal toxicities in rainbow trout, was reported by the same group [138]. Additionally,
Johnson et al. [102], observed that complement receptor mediated phagocytic engulfing of
complement components (C3b/C3bi) coated beads, in vitro, into salmon macrophages. Since
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complement cascades play important roles in fish immunity, especially in mediating phagocytosis, it agrees with our observation of consistently up-regulation of binding ligand gene (mbl2)
and its down-stream complement components genes (c4, c6 and c7) in the spleen of cecropin
P1 transgenic rainbow trout.
The abilities of MHC-I/II complex mediated ER-associated antigen processing and presentation are known to be critical in fish immunity [139, 140]. In the preliminary cDNA microarray studies, Lo et al. [35] reported the up-regulation of antigen processing and presentation
pathway in the cecropin P1 transgenic rainbow trout. In the current study, the results of the RTqPCR array analysis further confirmed this finding because of the consistently enhancement
of the expression of calr, cd4, b2m and two heat shock proteins (hspa4 and hspa5) genes, and
this finding indicated a promoted antigen processing and presentation process in the spleen of
cecropin P1 transgenic fish. Although the major histocompatibility complex (MHC)-I/II were
found suppressed in three families of transgenic fish, this suppression effect may be compensated by the stimulation of genes of ER-chaperons (calr, hspa4 and hspa5), and the overall
antigen processing and presentation capacity is still considered up-regulated in the transgenic
spleen. In addition, genes of lysosomal cysteine proteases cathepsins (ctsd and ctsl) and lysosomal membrane protein (lamp2) were constantly stimulated in the three fish families. These
results may infer that an enhanced capacity of phagocytosis to engulf pathogenic antigen and increase the ability of lysosomal proteolytic digestion both taken placed in the transgenic spleen;
then, the resulting small peptides might be exported via enhanced ER-mediated transportation
machinery to the cell surface to be presented to recipients, e.g. T helper cells, by MHC complex. Finally, the leukocyte trans-endothelial migration pathway was evaluated in the three fish
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families, and the results showed that genes of three important integrins (itgb1, itgb7 and itga4),
and the adhesion ligand (cxcl12) were significantly promoted, as well as the critical collagenase
(mmp9). This finding confirms the result of RNA-Seq reported by Han et al. [130], suggesting
that leukocytes might have better recognition and adhesion capacities targeting to epitheliums
in the transgenic fish. In short, results the current RT-qPCR array study are consistent with
those of Lo et al. [35] and Han et al. [130].

4.4.2

Kidney: the Major Hematopoiesis Tissue

Because of lacking bone marrow, hematopoiesis in teleost fish is primarily carried out by
the anterior kidney [106] including B cells, plasma cells and plasmablasts [107]. Recently, Lo
et al. [35] and Han et al. [130] reported independently of two major functional perturbations: 1)
the pathway of leukocyte trans-endothelial migration and 2) the pathway of ECM organization
in the kidney of the transgenic cecropin P1 fish. By analyzing the expression patterns of integrin and binding ligand genes by RT-qPCR array analysis, we confirmed the down-regulation
of itgb1, itgb7, itga4 and cxcl12, and the matrix metallopeptidase (mmp9) genes, and suggested
a consistent inhibition of leukocyte trans-endothelial migration in in all transgenic fish families. Furthermore, the organization of extracellular matrix is important in modulating immunity,
especially in regulating the mobilizing and homing of hematopoietic stem cells (HSCs) in tetrapod bone marrow [141]. In the transgenic kidney, down-regulation of genes of docking integrin,
adhesive binding protein (fibronectin), basement membrane component protein (Laminin) and
matrix metallopeptidase genes were observed in the current study. By combining the finding
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from the cDNA microarray analysis of Lo et al. that global translational machinery was suppressed [35], an overall inhibited ECM organization capacity may be suggested by altering
the micro-environment and reducing population of blood cell at early hematopoietic lineage in
transgenic kidney.

4.4.3

Liver: the Major Energy Metabolism Tissue

The mammalian liver is considered as the most important immune relevant organ, including the pathogen clearance, leukocyte recruitment and antigen presentation to lymphocytes
[101, 108]. Very much alike to mammals, the liver in fish also plays a critical role in immunity
although the function of the fish liver may be slightly different from that of mammals [109].
In fish, the liver functions to synthesize and degrade metabolic protein as well as is known
to biosynthesize fatty acids (FA) [109]. Lo et al. [35] and Han et al. [130] have observed
significant functional perturbations in the energy metabolism related pathways (e.g. PPAR,
arachidonic acid and phospholipid metabolism processes) in the liver of cecropin P1 transgenic
fish, and these pathways were considered as indirectly impacted the immune responses. In the
current study, we found up-regulation of genes of Acetyl-CoA synthase (slc27a2) and phospholipid transporter (pltp) in the transgenic liver. In addition, the signaling receptor complex genes
(ppara and rxrg) and the down-stream target gene (cyp27a1) were consistently suppressed
among the three transgenic fish families. In conclusion, a highly perturbed PPAR signaling
pathway was found in the transgenic liver. In this study, we observed that two arachidonic acid
metabolism pathway related genes, phospholipase (pla2g12b) and cytochrome P450 (cyp2j2),
were down-regulated, and the down-regulation of these genes indicated a consistent alteration
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of the FA metabolism in transgenic rainbow trout. Although these results are slightly inconsistent to those of DNA microarray and RNA-Seq analyses, the findings still support the notion
that processes of lipid metabolism in the transgenic liver were highly perturbed. Therefore,
the immunomodulatory effect of cecropin P1 transgene in trout liver is confirmed since the
FA composition and metabolism have been shown indirectly modulating salmonids immunity
[110, 112]. Another functional perturbation reported in the studies of cDNA microarray and
mRNA-Seq analyses was the obvious suppression of lysosomal phagocytosis in the transgenic
liver [35, 130]. As reviewed by Jenn et al. [108], scavenging phagocytes is also one of the
crucial function in mammalian liver. In the current study, we found that the expression of
two essential lysosomal protease genes, cathepsin D and S (ctsd and ctss), was consistently
down-regulated, while the lysosome-membrane bound glycoprotein gene, lamp2, was shown
partially enhanced in fish families, F231 and F695, but suppressed in F509. Although a slightly
inconsistency was observed, the overall suppression of the expression of genes in lysosomal
phagocytosis pathway in the transgenic liver is inferred.
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General Conclusion

This dissertation aims to accomplish four objectives: Firstly, via a cross-platform methodology (mRNA-Seq), I confirmed the findings of cDNA microarray analysis conducted by Lo et
al. [35]. Secondly, more robust evidence were obtained from mRNA-Seq analysis to support
my hypothesis that the cecropin P1 transgene not only directly eliminate microbial pathogens
but also modulate the host innate and adaptive immunity in rainbow trout. Thirdly, the immunomodulatory effects of cecropin P1 transgene product were examined by a tissue specific
RT-qPCR array analysis, and consistent and statistically significant results were observed in
three remaining families of transgenic rainbow trout. Finally, with the advantages of high sensitivity and reliability, the developed RT-qPCR array technology can serves as a fast, effective
and inexpensive screening method for identifying and breeding disease resistant fish strains in
aquaculture.
To accomplish the objectives in this dissertation, de novo sequencing of total transcriptome
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of the transgenic spleen, liver and kidney tissues were conducted by second-generation Illumina
system. After assembling of sequenced fragments and sorting of the RPKM values, the profiles
of differentially expressed genes and functional perturbations of immune relevant pathways
were established, tissue specifically. Many of the DEGs and functional perturbations discovered in three tissues contribute to directly increasing fish immune responses. For example, in
transgenic spleen, the processes or pathways of the chemokine/cytokine induced JAK-STAT
signaling, TLRs signaling, complement and coagulatory, antigen processing and presentation,
lysosomal phagocytosis and leukocyte trans-endothelial migration, were highly perturbed. In
transgenic kidney, the pathways of hematopoietic cell lineage and leukocyte trans-endothelial
migration were altered. In transgenic liver, lysosomal phagocytosis was enhanced. Additionally, some other DEGs and functional perturbations in the transgenic liver and kidney provide
indirect effects via altering the energy metabolisms. For instance, in transgenic kidney, PPAR
signaling pathway was significantly promoted, and in transgenic liver, PPAR signaling pathway
and FA biosynthesis process were greatly disturbed.
After successfully analyzing the expressional patterns via RNA-Seq, the selective predefined DEGs were utilized to construct a custom-layout RT-qPCR array. By employing the
assay of RT-qPCR array, the tissue-specific expression profiles of immune relevant genes in
the spleen, kidney and liver among all families of cecropin P1 transgenic rainbow trout were
found in good agreement to our preliminary cDNA micro array and RNA-Seq analyses. The
profiles of the differential expression of immune relevant genes account well for the phenotype of enhanced resistant to infection by microbial pathogens in the cecropin P1 transgenic
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fish. In short, the results of cDNA microarray, RNA-Seq and RT-qPCR array analyses support the notion that cecropin P1 transgene product not only eliminates pathogens directly but
also modulates host immune functions, and the combined effects boost the disease resistance
characteristic of transgenic rainbow trout. In addition, these findings expand the pool of knowledge about fish immunity, and may benefit further studies in artificial selection and breeding of
disease resistant fish strains in aquaculture.
To fully understand the immunomodulatory effects of antimicrobial peptides in transgenic
fish, studies outlined below will be the major directions of focus in the future:
1. RT-qPCR array analysis on microbial infected fish harboring cecropin P1 transgene:
As shown in chapter 2, our RNA-Seq and RT-qPCR array analyses were conducted on
transgenic fish without infection, and these findings may only reflect the expression profile under a normal phase of host immunity. However, the immune responses, after infection, are
dynamically changing through time course in different phases. For example, the most common host response to infections is inflammation, which dictate the kinds of acute-phase plasma
protein alterations [142]. Although nonspecific, the acute-phase proteins, an integral part of
acute-phase response, play important roles in the innate immunity involving prevention of further infection, clearance of potential pathogens, initiation of inflammatory processes, and resolution of the healing process [143, 144]. Therefore, to perform the RT-qPCR array analysis
with pre-defined DEGs as bio-markers on microbial infected transgenic fish, may provide more
supportive evidence of dynamic changes through time course. By comparing the DEG profiles
of infected transgenic vs infected non-transgenic, the effects of cecropin P1 transgene may be
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addressed; while comparing the profiles of infected transgenic vs normal transgenic, the effects
of different phases may be illustrated.
2. RT-qPCR array analysis on other fish species bearing trasngenic AMPs:
In my research, the immunomodulatory effects of cecropin P1 were addressed in transgenic rainbow trout. Based on these findings, we can ask another question: Is the rainbow trout
a special case? Or, does the immune modulations commonly occurred in other fish species? In
order to answer this question, to analyze the expression profiles of other transgenic fish strains
harboring different AMP transgenes will be highly demanded. A good experimental animal
model was described by Sarmasik et al., [30]. Transgenic medaka, bearing cecropin B transgene, which are exhibited increasing infectious disease resistance may serve as a good animal
model to be evaluated via the designed RT-qPCR array. This proposed study may provide
evidence that other fish also exerted immunomodulaotry effects from transgenic AMP, and,
therefore, may support the notion that the immune modulations are commonly observed in all
fish species.
3. Analyses of the Immunomodulatory Effects among Different Species:
In this study, we reported the immune relevant pathways, which potentially modulated by
transgenic cecropin P1 on the animal model of rainbow trout. These findings can be confirmed
and further extended via inquiring and profiling expression data from open-access sources, e.g.
Gene Expression Omnibus (GEO) database. For example, to dataset of GSE63148 [145], it provided the transcriptomic profiles of genes relevant to the innate immunity-related complement
pathway of Vibrio alginolyticus infected Epinephelus coioides. Once spraying these datasets
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into our custom-made complement and coagulatory cascade pathway, it may provide supportive
evidence in altering complement components in fish. In addition, cross-species analysis may
also be achieved. For instance, to dataset of GES6376 [146], it provided an expression profile of
Zymosan stimulated MyD88-deficient bone marrow-derived mice macrophages. Once spraying these datasets into our custom-made TLRs pathway, it may provide supportive evidence in
perturbing Toll-like receptor signaling in mammal.
4. Single-cell RNA Sequencing (scRNA-Seq) of Transgenic Hosts:
As described in chapter 2, our mRNA-Seq and RT-qPCR array analyses were performed
via utilizing tissues harvested from transgenic fish. These studies may be considered reflecting
the profile of an averaging of different cell types, lacking of complex ecology of heterogeneous
cell states that together produce emergent system-level function [147] and providing only partial information of the molecular state of the system [148]. Recent developed scRNA-Seq
promises better understanding of the cellular differences and the function of individual cell in
the context of its micro-environment [147]. A general workflow of scRNA-Seq is described
as following: Via microfluidic isolating single cell followed by nanotube micro-pipetting of
the cytoplasmic contents, individual cellular RNAs is harvested [149, 150]. After multiple displacement amplification (MDA) [151, 152], the resulting single-cell cDNA is sequenced by
next-generation sequencing techniques. To our transgenic fish, it is possible to isolate single cells from immune relevant tissues, e.g. splenoid lymphocytes from transgenic spleen,
myeloid or lymphoid progenitors from transgenic kidney and hepatocytes from transgenic liver,
followed by scRNA-Seq profiling. This technique may provide more insight to cell-specific
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mechanisms, which will be crucial to further resolve the complexity of the immunomodulatory
effects of AMPs in their transgenic hosts.

Appendix A

Reagents

A.1

General Buffers

1 x TE:
10 mM Tris-HCl, pH 8.0; 1 mM EDTA, pH 8.0

1 x TAE:
40 mM Tris-acetate; 1 mM EDTA, pH 8.0

1 x TBE:
45 mM Tris-borate; 1 mM EDTA, pH 8.0
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6 x Agarose gel loading buffer:
0.25% bromophenol blue; 0.25% xylene cyanol; 30% glycerol in H2 O

Formaldehyde loading buffer:
1 mM EDTA, pH 8.0; 0.25% (w/v) bromophenol blue; 0.25% (w/v) xylene cyanol; 50% (v/v)
glycerol

A.2

RNA Extraction

Guanidinium lysis solution:
4 M guanidinium isothiocyanate; 20 mM sodium acetate, pH 4; 0.1 mM dithiothreitol; 0.5%
sarkosyl

10 x RQ1 Reaction Buffer:
400 mM Tris-HCl, pH 8.0; 100 mM MgSO4 ; 10 mM CaCl2 .

5 x Reverse Transcription Reaction Buffer:
100 mM Tris-HCl, pH 8.8; 500 mM KCl; 1% Triton X-100

Chapter A

A.3

PCR Reaction

10 x PCR Reaction Buffer:
0.5 M KCl; 100 mM Tris-HCl, pH 8.3; 15 mM MgCl2 ; 0.1% gelatin

dNTP mix:
1.25 mM each dATP, dTTP, dCTP, dGTP
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Primer Sequences of Gneral PCR
Analyses

Gene

Forward primer (5’-3’)

Reverse Primer (5’-3’)

CPT1A

GCTGTACGTGATTCCCACAC

CATAGCGTGAACCACATTCC

C6

ACCCAGAGCAAGAGGAGTGT

CACTGGGACCTGGTTATGTG

FN1

TGACAGACCATGGGTAAGGA

GAATGCCTTCGACCTGAACT

COL1A1

TCTTCAGGTCTCTGCAGGTG

CTGGAGGTAGACACCACCCT

HSPA4

CAGGACTCAACTGCCTACGA

GGGCAGGGAGATCTTGTTTA

HSPA5

CGACGAGGACAAGAAGTTGA

GAGCGAGTAGGCGTAGCTTT

CTSD

TGCTGTAGGAGGAGAGCTGA

TGCGTGTGACGTTGACATAG

CTSB

CCTGCCTCCTAATTCAAAGC

CTGGGAAACCAACCCTAAGA

PLTP

AGGCCTCGAAATGTTGAAGT

TTCATCTCTGGCATGGTGAT
Continued on next page
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Table B.1 – Continued from previous page
Gene

Forward primer (5’-3’)

Reverse Primer (5’-3’)

MBL2

CGACGATGCTGTTCAGTTCT

TGAGCCATGCATTCTTCAAT

LPL

TGAAGGTGCATTTCTTCAGC

TTCTCATCATGGGTTCCGTA

CXCL12

AAAGGAAGGGAATTTGGTGA

TGCACATGTGGTCCAAATAA

PSMB7

ATGACACACAGGTCCACGTT

ATGGAGCTGGAAGAGGCTAA

NACA

CAGGTGAAACCACCACAGAG

GAGTCCTGCTCCTCCAAGTC

B2M

TCGTTGTACTTGGGCTCATT

CTCACGTGACAGATCAGGGT

CTSS

TTGATTCCACCCGACCTAAT

CAAGGACAGCATGGTTTGTC

CTSD

TGCTGTAGGAGGAGAGCTGA

TGCGTGTGACGTTGACATAG

PCK1

TGGAGGATATCAGGGCCTAC

CACCCTGTGCTCAAGACACT

SLC27A2

GCAGCGATCAAACTGAAAGA

AGCCAGGGAATTCTGTATGC

LAMB2

AACAACCTGAACAGCACCAG

GTCGCATCATAGCATCCATC

ACOX1

CTTCGACTACTGCGACGAAA

GTGGTAGGACTCGTGGACCT

CALR

AGAAGGTGGAGTCAGGCACT

AGGGTCCTTGATGGTCTTTG

ITGB7

AGGCAGTGGTAGGAATCGTT

TTTGAGTGTCTTCCCAGCAG

BIRC5

AAGCTGGATTCATCCACACA

AGCCCTCCAGTTCTTTGAGA

Appendix C

Primer Sequences of RT-qPCR Array
Analysis

Gene

Forward primer (5’-3’)

Reverse Primer (5’-3’)

CXCR4

AGGCAGAGCCTGATGTCCAT

TGGCACGTCCCGTATTAGAA

CXCR3

CCTACTTCCTCAAAAGGGCC

TGCTGCAGGATTTGAAAGGT

CCR8

GTGATCTCCTGCCAGGTCAA

GCCAGGATTGTGGGTTCAAC

CCR9

CTACATGCATGCCTGCCTCA

CAGCAGTGGTAGATGCGGAT

IL6ST

CTGCTGGACAGCGAAGAGAA

TCTCTGCTTTCGCTAGCCAC

IL21R

AGAGCTTCAGTGAGGCGGTT

GCAGGCTGTGGTAACATGGA

STAT1

ATCTGGTTCACTGCTGTGGC

TGGGGTCATTCTCGTACGTG

STAT6

CCCTTGGTGACCGTATTCAA

CACGTCATTCTTCGGCAGAT

C4

AACAGATCAGTCCCATGGGC

TGTTGCTCTTCTGGGGTGAG
Continued on next page
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Table C.1 – Continued from previous page
Gene

Forward primer (5’-3’)

Reverse Primer (5’-3’)

CXCL11

CTGAATGGACTGGTGAACCG

GCAAATGGAGCCTCTGGATT

IRF3

TATTTTGCTGTGCGACCTGG

GCACCTTTGAGGGCACATTT

IRF7

GGGCTCTCCAACATTGTTCC

CGCTCCAACCCCAGTTGTAA

TLR2

AGGCCACTGGATCATCGACA

GCACCACTCAGAATGGACGA

TLR3

TGACAGAGCTTAACCTGGCT

AAGAACTTCCAGCATGGACA

TLR7

AGCGTCCAAAGGGGTCTTCT

TCTTCCTGGGTTCAGGGTGT

MYD88

TCTCCCTGCCCTGATTGGTT

CCACCGATCTGACATGTGCT

TNFRSF5

CTTCTTCCTTCGCACCAGCT

TCGGCCTCAACTTCACAGTC

MBL2

CGACGATGCTGTTCAGTTCT

TGAGCCATGCATTCTTCAAT

C6

ACCCAGAGCAAGAGGAGTGT

CACTGGGACCTGGTTATGTG

C7

CTGCATAGAGGGCCACTACA

GGTCCAGCTGTTGTTGTCAG

CALR

AGAAGGTGGAGTCAGGCACT

AGGGTCCTTGATGGTCTTTG

HSPA4

CAGGACTCAACTGCCTACGA

GGGCAGGGAGATCTTGTTTA

HSPA5

CGACGAGGACAAGAAGTTGA

GAGCGAGTAGGCGTAGCTTT

CD4

ACTCCGCCCATCTCACCATA

ATGGGGACTCGCTCGATCTT

MHC1

CTTCCCCTCAACAAAGGATCA

GCATGCCAAACCAGCCTATAA

MHC2

ATCGTGCTTCTACACCTGCG

TTGACGCGTGCTGTCTACTG

M2B

TCGTTGTACTTGGGCTCATT

CTCACGTGACAGATCAGGGT

CTSB

CCTGCCTCCTAATTCAAAGC

CTGGGAAACCAACCCTAAGA

CTSL

CAGGCACCTAAAGCTGTTGA

TTGCCAGTCTTCCTGAACTG
Continued on next page
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Table C.1 – Continued from previous page
Gene

Forward primer (5’-3’)

Reverse Primer (5’-3’)

LAMP2

GTCTTTGCTCCAGTGTTGCG

GGAATTGACCCCAGCTCTGT

ITGB7

AGGCAGTGGTAGGAATCGTT

TTTGAGTGTCTTCCCAGCAG

ITGA4

TCCCTATCGCTCAGGTTGTG

GGATCAGGAGTCCCACCACT

CXCL12

AAAGGAAGGGAATTTGGTGA

TGCACATGTGGTCCAAATAA

ITGB1

GCTCATTCCAAGCAAAGCCA

TTGAATTGACGTCTGTGCCC

MMP9

TTCACAGACATCGTCTTCGG

TGTCGTACTTCACGTATCCCA

SLC27A2

GCAGCGATCAAACTGAAAGA

AGCCAGGGAATTCTGTATGC

CYP27A1

GACGTTAACCGTATGCCGTA

GGGAAAGAAATGTCCTCCAA

PLTP

AGGCCTCGAAATGTTGAAGT

TTCATCTCTGGCATGGTGAT

PPARA

GACCAGGTGACTCTGCTGAA

CCTTGTTCATACACGATGCC

RXRG

CAAGCTGATAGGAGATACGCC

CTTCATAGCAGTTGTACTCTGGG

FABP1

TCGGAGATTGAGCAGAATGG

TCCCAACCAGATTCACCGTA

C1QC

CAACACAGAGACTGGACGCT

CCATCCAGTTTGAACACCAG

PLA2G10

GATTCTGTGCAGGTGTGACC

AACAGCATCAGTGACGGGTA

PLA2G12B

TTTGAAGCCGTCAATGGATA

GCTCCTGCATCTGGTAGTCA

CYP2J2

CATCAAACAGGATCGACTGG

CATGAGACACAGAGGATGGG

CTSD

TGCTGTAGGAGGAGAGCTGA

TGCGTGTGACGTTGACATAG

CTSS

TTGATTCCACCCGACCTAAT

CAAGGACAGCATGGTTTGTC

LAMB2

AACAACCTGAACAGCACCAG

GTCGCATCATAGCATCCATC

FN1

TGACAGACCATGGGTAAGGA

GAATGCCTTCGACCTGAACT
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Appendix D

Supplemental Data of RNA-Seq Quality
Control
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Chapter D

F IGURE D.1: Tissue specific quality assessment of reads. Pie charts contained composition
of raw reads in each tissue in group of transgenic and non-transgenic fish.
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Chapter D

F IGURE D.2: Tissue specific quality of aligning: results of sequence saturation analysis.
Each graph indicates the amount of clean reads of transgenic fish mapped to reference genome
that reaches saturation no later than 7500k reads.
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Appendix E

Supplemental Data of Singular
Enrichment Analysis via GOSlim and
KEGG by GeneCodis
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F IGURE E.1: Singular enrichment of GOSlim and KEGG of rransgenic spleen.
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Chapter E

F IGURE E.2: Singular enrichment of GOSlim and KEGG of transgenic liver.
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Chapter E

F IGURE E.3: Singular enrichment of GOSlim and KEGG of transgenic kidney.
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Appendix F

Supplemental Data of Customized
Pathway Analyses
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Chapter F

F IGURE F.1: Pathway analysis of Toll-like receptor pathway in transgenic spleen. The
heat map indicates: red = up-regulation, green = down-regulation. Threshold set = RPKM
ratio greater than two folds. Eclipse = regular genes; dash rectangular = kinases; diamond =
transcription factors; dash line bundle = set of OR; singular rectangular bundle = set of AND;
doubling rectangular bundle = set of AND out of subset of OR. The pathway was customized
and sprayed expression data from KO04620 (Toll-like receptor signaling pathway) from KEGG
database.
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Chapter F

F IGURE F.2: Pathway analysis of complement cascade and coagulation pathway in transgenic spleen. The heat map indicates: red = up-regulation, green = down-regulation. Threshold
set = RPKM ratio greater than two folds. Eclipse = regular gene; dash line bundle = set of OR;
singular rectangular bundle = set of AND; doubling rectangular bundle = set of AND out of
subset of OR. The pathway was customized and sprayed expression data from KO04610 (complement and coagulation cascades) from KEGG database.
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Chapter F

F IGURE F.3: Pathway analysis of PPAR signaling pathway in transgenic liver. The heat
map indicates: red = up-regulation, green = down-regulation. Threshold set = RPKM ratio
greater than two folds. Eclipse = regular genes; diamond = transcription factors; singular rectangular bundle = set of AND; doubling rectangular bundle = either AND/OR. The pathway
was customized and sprayed expression data from KO03320 (PPAR signaling pathway) from
KEGG database.

125

Appendix G

Supplemental Data of KEGG Pathway
Analyses
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Chapter G

F IGURE G.1: KEGG Pathway of leukocyte trans-endothelial migration in transgenic
spleen. Red coated rectangular = up-regulation; Green coated rectangular = down-regulation;
Double coated rectangular = isomers with differentially expressed levels. Threshold set =
RPKM ratio greater than two folds. The pathway was directly inquired from KEGG database
(KO04670) and sprayed spleen expression data.
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Chapter G

F IGURE G.2: KEGG Pathway of leukocyte trans-endothelial migration in transgenic kidney. Red coated rectangular = up-regulation; Green coated rectangular = down-regulation;
Double coated rectangular = isomers with differentially expressed levels. Threshold set =
RPKM ratio greater than two folds. The pathway was directly inquired from KEGG database
(KO04670) and sprayed kidney expression data.
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Chapter G

F IGURE G.3: KEGG Pathway of PPAR in transgenic Kidney. Red coated rectangular = upregulation; Green coated rectangular = down-regulation; Double coated rectangular = isomers
with differentially expressed levels. Threshold set = RPKM ratio greater than two folds. The
pathway was directly inquired from KEGG database (KO03320) and sprayed kidney expression
data.
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Chapter G

F IGURE G.4: KEGG Pathway of Phagosome in transgenic liver. Red coated rectangular
= up-regulation; Green coated rectangular = down-regulation; Double coated rectangular =
isomers with differentially expressed levels. Threshold set = RPKM ratio greater than two
folds. The pathway was directly inquired from KEGG database (KO04145) and sprayed liver
expression data.
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